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Abstract

South American climate has undergone dramatic changes since the last glacial
period, as evidenced from Cariaco Basin (Venezuelan coast) and Peru Margin marine
sediment biomarker records. Compounds derived from vascular plant leaf waxes and
delivered to the marine sedimentary environment, including long-chain (C,,-C;,) n-
alkanoic acids, were used as proxies for terrestrial vegetation type, aridity, and
atmospheric circulation. Marine biomarkers, such as sterols and phytol, were used to
reconstruct productivity in the Peru Margin upwelling zone, where sedimentary
conditions are not conducive to the preservation of foraminifera. Through the use of
organic molecular isotopic techniques and multi-molecular stratigraphy, a great deal can
be learned about communities of marine organisms and terrestrial plants that existed in
the past and the environments in which they lived.

Vascular plant leaf wax carbon and hydrogen isotopic records were generated
from n-alkanoic acids preserved in Cariaco Basin marine sediments. These records were
compared to previously established pollen and climate records and were found to parallel
local millennial-scale climate changes between the late Glacial and Preboreal periods,
which were characterized by migrations of the inter-tropical convergence zone.
Differences in 8D between C,-C,5 and C,,-C;, n-alkanoic acids suggest a marine source
for the shorter chain lengths and a terrestrial source for the longer chains. Stacked 8D
and 8"C records both exhibited isotopic enrichment during the late Glacial and Younger
Dryas periods and depletion during the Bglling-Allergd and Preboreal periods. If
interpreted as an aridity proxy, the 8D record is in agreement with Cariaco Basin
sediment grey scale records, suggesting that the late Glacial and Younger Dryas were
more arid than the Bglling-Allergd and Preboreal periods. n-Alkanoic acid 8"°C, which is
a proxy for C; versus C, plant type, indicates that C; plants predominated in this area of
the tropics during warm and wet periods, such as the Bglling-Allergd and the Holocene,
and C, plants proliferated during cooler and more arid periods, such as the Glacial and
Y ounger Dryas. The biomarker 8"C record agrees with pollen data previously developed
from Cariaco Basin sediments, confirming that leaf wax compounds preserved in marine
sediments can accurately record terrestrial vegetation changes.

Analytical methods utilizing stir bar sorptive extraction (SBSE) and thermal
desorption were developed and applied to investigate lipid organic matter in a suite of
alpine ice cores. These methods permit use of small volume (10-30 ml) samples, as
would be required for high-resolution down-core analyses. SBSE involves using a
polymer coated stir bar to extract organic matter from aqueous samples, after which it is
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loaded directly into a thermal desorption unit and the organic matter transferred in its
entirety to a gas chromatograph inlet. To test these methods and the organic content of
tropical ice, post-industrial samples from two South American, two Asian, and one
African ice core were analyzed. Compounds identified in the modern ice core samples
included natural and anthropogenic biomarkers such as n-alkanes, n-alkanoic acids, n-
alkyl amides and nitriles, polycyclic aromatic hydrocarbons (PAHs), and diterpenoids.
Variability in the distributions of these compounds between different cores demonstrated
that the lipid organic fraction in each core was representative of mostly local inputs. To
further investigate natural inputs, several pre-industrial samples were analyzed from the
Sajama ice core in the Andes and The Puruogangri core on the Tibetan Plateau. Inputs of
terrestrial vegetation combustion biomarkers such as PAHs, diterpenoids, and alkyl
amides were consistent with periods of enhanced aridity in each core. The results of this
investigation demonstrate the utility of the methodology, which could now be applied to
generate very high-resolution biomarker records from tropical ice cores.

Gas chromatography/time-of-flight mass spectrometry (GC/TOF-MS) was used to
generate a high-resolution, multi-molecular organic biomarker record from Peru Margin
sediments (~11°S, 252 m water depth) for the last 15 ka. Because of their position
beneath the oxygen minimum zone of a productive upwelling region, these sediments
contain a wealth of compounds that can be exploited as paleoclimate indicators. TOF-MS
and fast GC techniques allowed me to generate this record in a short amount of time and
without employing the traditional suite of purification techniques. Before about 9 ka,
organic carbon and biomarker concentration records exhibited similar variability,
implying a forcing mechanism that affected input and/or preservation of both marine and
terrestrial organic matter, such as large-scale climate change. Organic carbon and
biomarker abundances then systematically increased throughout the Holocene and
exhibited higher frequency variability, suggesting overall enhanced productivity from
rapidly evolving planktonic communities. Similar patterns of variability between
bacterial hopanol, sterol degradation product, and primary productivity biomarker records
suggest that the productivity biomarkers are recording sea surface and water column
processes, and are not significantly biased by sedimentary diagenesis. Low bound sulfur
content in lipid extracts and a lack of observed sulfur-containing compounds argue ‘
against significant sulfurization and resultant biomarker sequestration in 1228D
sediments. Factor analysis provided a statistical means of separating terrestrial and
marine organic inputs, and reinforced the interpretations that very long chain n-alkanoic
acids (C,-C;,) are terrestrially derived and sterol compounds primarily represent marine
algal inputs. In all, the biomarker records suggest millennial-scale changes in upwelling
strength superimposed on longer-term trends, with additional variability in contributions
from specific precursors, such as dinoflagellates. Terrestrial leaf wax compounds also
exhibited high-amplitude, millennial-scale variability, but with a different pattern of
change than the marine inputs. GC/TOF-MS was shown to be a useful tool for
generating high-resolution records of the type necessary to understand the relationships
between biomarkers in a complex and sensitive depositional environment such as the
Peru Margin.
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Climate signals embedded in the Peru Margin biomarker records provided clues
as to the productivity and upwelling histories of the Peru Margin, as well as regional
terrestrial vegetation. Elevated concentrations of marine biomarkers suggest enhanced
upwelling and productivity from about 6.5 ka to the present on the Peru Margin, with
lower-amplitude millennial-scale variations occurring throughout this period. Enhanced
dinosterol abundances after 6.5 ka are consistent with greater occurrences and/or strength
of El Nifio, while concurrently enhanced upwelling suggests a parallel increase in La
Nifia activity. Similar timing of mid to late Holocene variability between Peru Margin
marine biomarker records, a faunal sea surface temperature record from the eastern
tropical Atlantic, and Andean paleoclimate records suggests strong climate links between
these regions of the tropics, likely driven by broad-scale changes in El Nifio and the
Southern Oscillation (ENSO) and trade wind strength. The C,, n-alkanoic acid, which is
representative of vascular plant leaf wax inputs, exhibited millennial-scale variability
superimposed on longer-term trends that may be related to aridity, assuming fluvial
transport of terrestrial material. n-Alkanoic acid 8"C is generally enriched during
periods of enhanced leaf wax abundance, consistent with increased inputs of C, plant
material at these times.
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Chapter 1

Introduction

Paleoclimate investigations performed on increasingly finer time scales have
revealed that glacial-interglacial climate variability is punctuated by abrupt (millennial-
scale or shorter) events and transitions with far reaching effects (Ruddiman and
Mclntyre, 1981; Oeschger, 1985; Broecker and Denton, 1989; Lehman and Keigwin,
1992; Johnsen et al., 1992; Bond et al., 1993; Thompson et al., 1995; Behl and Kennett,
1996; Bjorck et al., 1996; Hughen et al., 1996; Thompson et al., 1998). A myriad of
geochemical tools have been used to deduce this past climate variability, always with the
aim of maximizing the amount of information that can be gained from samples
comprising individual stratigraphic sequences. Typically, the proxies used to unveil
abrupt climate changes have been those that are measurable at high temporal resolution,
as can be achieved with foraminifera in marine sediments and ice core isotopic
investigations. However, a wealth of paleoclimate information is also preserved in the
form of sedimentary organic matter, the utility of which is limited mostly by preservation
and the analytical capacity to isolate telling compounds.

As the field of organic geochemistry has progressed, developments in analytical
technology and protocol have permitted a move from investigation of bulk geochemical
properties to that of individual organic geochemical biomarkers, which are compounds
attributable to a specific organism or class of organisms. Biomarker investigations

enhance the amount of detailed information that can be gained about sources of organic
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matter inputs and the response of specific biota to environmental changes. Our growing
appreciation for the utility of biomarkers as climate proxies has led to the incorporation
of molecular organic geochemical tools into paleoclimate studies (e.g., Eglinton et al.,
2000; Herbert et al., 2001; Zhao et al., 2003). However, for practical purposes imposed
by analytical limitations, biomarker investigations typically involve lower-resolution
records than the inorganic records they are compared to, or they are restricted to use of a
small range of compounds.

In this thesis, recently developed analytical tools and techniques are employed
and optimized to facilitate generation of high-resolution multi-molecular records from a
variety of depositional environments, from those with substantial organic inputs and
complex biomarker assemblages to those with only trace abundances of organic matter.
In both cases, the goal is to develop a holistic understanding of environmental change by
examining biomarkers from a wide range of sources, while reducing sample preparation
and analysis times so that development of high-resolution proxy records becomes
feasible. The resultant records would be amenable to abrupt climate change investigation
and also application of common and informative interpretive tools such as multivariate

and time series analyses.

Organic Molecular Markers

Over time, organic geochemical investigations of natural samples and cultures
have identified an increasingly vast array of compounds and their sources. The extensive
body of work that has been deve]opéd concerning the chromatographic and mass spectral
characteristics of these biomarkers greatly facilitates their isolation, identification, and
quantitation in environmental samples. In this thesis, a number of compounds derived
from both marine and terrestrial sources were employed for paleoclimate investigation.

Vascular plant leaf waxes, which occur as a protective coating on the surfaces of
leaves (Eglinton and Hamilton, 1967) and can be transported over long distances as
aerosols (Gagosian and Peltzer, 1986), serve as useful terrestrial climate indicators (e.g.

Ohkouchi et al., 1997; Huang et al., 1999; Freeman and Colarusso, 2001; Hughen et al.,
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2004; Makou et al., in review). Leaf waxes are comprised of long-chain lipids, including
n-alkanes, n-alcohols and r-alkanoic acids (fatty acids) (Eglinton and Hamilton, 1967,
Kolattukudy, 1976). In general, these leaf wax compounds are well preserved in marine
sediments (Prahl and Muehlhausen, 1989; Meyers, 1997), and the limited studies to date
indicate that they are preserved in ice as well (Kawamura et al., 1996; Xie et al., 2000),
where degradation by biological activity is expected to be less severe. Furthermore, their
carbon and hydrogen isotopic composition can be used to infer C; versus C, plant
contributions and 8D of growth water (and thus possibly aridity), respectively (e.g.
Sternberg, 1988; Hayes, 1993; Huang et al., 2000; SchefuB et al., 2003; Hughen et al.,
2004; Makou et al., in review). Paired analysis of leaf wax compound abundance and
isotopic composition promotes a more comprehensive understanding of changes in
terrestrial vegetation and climate. Studies of leaf wax compounds in marine sediments
are particularly telling when coupled with analyses of marine biomarkers in the same
core, because the relative timings of marine and terrestrial climate changes can then be
explored (Hughen et al., 2004).

In addition to leaf waxes, other compounds such as polycyclic aromatic
hydrocarbons and diterpenoids can provide information about terrestrial vegetation and
paleoclimate conditions. These compounds have been observed in smoke from biomass
burning, and could thus be employed as a proxy for aridity through its effects on forest
fire occurrence (e.g. Oros and Simoneit, 2001). Some of the terpenoid compounds
produced through biomass burning may have the additional benefit of source specificity,
potentially allowing identification of certain types of vegetation (e.g. conifers) (Oros and
Simoneit, 2001).

Investigation of biomarkers in marine sediments derived from algal and bacterial
sources can provide information about both climate and sedimentary processes. C,,
methylketones are commonly used as a proxy for reproducing past sea surface
temperatures (e.g. Sachs and Lehman, 1999; Herbert et al., 2001), but other compounds
are also useful for describing characteristics of the marine environment such as primary

productivity and extent of diagenesis. In particular, steroidal compounds are produced in
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abundance in the euphotic zone by phytoplankton and zooplankton and can sometimes be
used to track inputs from specific producers, as is the case with 4-methylsterols and
dinoflagellates (Boon et al., 1979; Piretti et al., 1997). Comparison of sterol abundances
to that of those degradation products such as sterenes and steranes could provide
information on the extent of degradation in the water column and sediments (Mackénzie
et al., 1982). In addition to steroidal compounds, a wide range of other biomarkers,
including acyclic isoprenoids, alkan diols and keto-ols, and short-chain fatty acids,
among others, can also be used in sediments underlying productive areas as indicators of
algal primary productivity (e.g. Volkman et al., 1998). Specific bacterial biomarkers
such as hopanoids are useful for determining bacterial inputs, and thus the potential for
bacterial diagenesis (e.g. Summons et al., 1999; Farrimond et al., 2000). All of these
biomarkers are particularly informative when used in conjunction, thus providing the
clearest picture of water column and sedimentary production and degradation of organic
matter. Once sedimentary processes are understood, marine biomarker records could
then be used to infer changes in climate, insofar as productivity is forced by

environmental factors.

Advances in Analytical Capabilities

Very recent advances in instrumentation and analytical techniques facilitate
generation of high-resolution multi-molecular records from both organic-rich
depositional environments, such as those beneath upwelling systems, and those with only
trace abundances of organic matter, such as ice fields. For example, fast-gas
chromatography (GC) techniques, which reduce analysis times while increasing
sensitivity, were employed in this thesis. Analyses were conducted using a recently
developed gas chromatography/mass spectrometry (GC/MS) system that incorporates
time-of-flight mass spectrometry (TOF-MS), and which is ideally suited for use with fast-
GC. TOF-MS provides many benefits, including increased resolution and increased
sample throughput through reduced analysis times. Additionally, the elevated spectral

acquisition rates inherent to the instrument permit quantitation of multiple molecular
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species in a single GC/TOF-MS analysis, even from short (~10 minute) runs that produce
abundant interfering chromatographic peaks. In practice, these benefits enable
development of parallel high-resolution stratigraphic records for a wide range of
biomarkers in a short amount of time.

Another novel analytical technique was employed that permits easy extraction and
quantitation of trace amounts of lipid organic matter in aqueous samples, such as melted
ice. Stir bar sorptive extraction (SBSE) and thermal desorption are an alternative to
solvent extraction of semi-volatile organic compounds from the aqueous matrix. In this
technique, a glass stir bar coated with a chemically bonded absorbent phase is spun in an
aqueous sample, during which time hydrophobic organic compounds, such as leaf waxes
and PAHs, are partitioned onto it. After removing the stir bar from the sample, the
sorbed organic matter is quantitatively transferred directly into the GC/TOF-MS inlet via
thermal desorption. An important advantage to this approach for analysis of trace level
compounds, such as those in ice, is that analytes are wholly transferred from the sample
to the head of the chromatographic column. As with GC/TOF-MS analysis of sediment
extracts, minimal sample pretreatment and rapid analysis times allow greatly enhanced

sample throughput.

Post-Glacial Tropical Climate

Evidence from a variety of high-resolution paleoclimate studies suggests that
tropical climate has undergone abrupt (millennial-scale or shorter) changes since the last
glacial period, even during the Holocene (e.g. Thompson et al., 1995; Hughen et al.,
1996; Thompson et al., 1998; deMenocal et al., 2000; Haug et al., 2001; Moy et al.,
2002). In general, tropical climate is comprised of and influenced by several large-scale
and interrelated systems, including El Nifio and the Southern Oscillation (ENSO),
regional monsoons, and migrations of the inter-tropical convergence zone (ITCZ). These
systems are superimposed on general atmospheric and oceanic circulation patterns, and
variations in their strength and position on seasonal and inter-annual time scales lead to

steep regional gradients in climate characteristics such as aridity, temperature, and wind
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strength. Since the last glacial period, it is apparent that these systems have shifted
between different modes of equilibrium, likely due to perturbations imposed by changes
in tropical insolation and global climate (e.g. Clement et al., 2000; Liu et al., 2000; Haug
et al., 2001; Koutavas et al., 2002; Moy et al., 2002).

Given the complexity of variability in tropical climate over the last 20 ka and
relationships between the phenomena that comprise it, the need arises for a dense
network of high-resolution proxy records covering tropical oceans and landmasses. The
various lines of inquiry pursued in this thesis are aimed at generating new information
about tropical climate variability and the proxies used to investigate it, as well as
developing new methodologies to achieve this goal. Once tropical climate variability in
the past is better constrained, relationships with high-latitude climate variability can be
further explored, ultimately allowing for investigation of causal mechanisms and climate

signal propagation with greater certainty.

Thesis Layout

Chapter 2 of this thesis describes variability in terrestrial vascular plant inputs to
the Cariaco Basin in northern South America. Plant leaf wax 8"°C and 8D are used to
infer changes in vegetation assemblages and aridity from the last glacial to the Preboreal
period. These analyses demonstrate that tropical vegetation in the study area responds to
millennial-scale climate changes, and thus the carbon and hydrogen isotopic information
embedded in plant wax biomarkers represents a valuable for tool for reconstructing ‘past
climate states.

In Chapter 3, SBSE and thermal desorption are used to investigate lipid
biomarkers in tropical alpine ice cores, for which low ambient concentrations of organic
matter generally preclude detailed analysis. The analytical scheme I employed allows the
use of small volume samples, which are consistent with future generation of high-
resolution biomarker records from these cores. This preliminary study reveals that
biomarkers are indeed preserved in ice and can be recovered by use of these methods.

Differences in biomarker assemblages between ice core sites on different continents
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suggests that ice fields receive local or regional biomarker inputs of the sort useful for
paleoclimate reconstruction. In particular, biomass burning indicators appeared to be
correlated with aridity, and therefore might be used as a proxy for such.

In Chapters 4 and 5, GC/TOF-MS is used to generate high-resolution biomarker
records from Peru Margin sediments in order to better constrain tropical climate
variability at this location and understand delivery and preservation of sedimentary
organic matter. Biomarker records from a wide array of sources provided information
about diagenetic conditions and facilitated selection of biomarker records to be used for
paleoclimate interpretation. Through their association with primary productivity and
upwelling, sterol records provided clues about El Nifio and La Nifia variability over the

last 15 ka.
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Chapter 2

Isotopic Records of Tropical Vegetation and Climate Change From Terrestrial

Vascular Plant Biomarkers Preserved in Cariaco Basin Sediments

Abstract

Records of vascular plant leaf wax 8“C, 8D, and average carbon chain length
were generated from terrestrial biomarkers preserved in marine sediments from the
Cariaco Basin. Leaf wax carbon and hydrogen isotopic records were compared to
previously established local pollen and climate records and were found to parallel local
millennial-scale climate changes between the late Glacial and Preboreal periods. The
terrestrial biomarkers used consisted of C,,-C;, n-alkanoic acids, which are derived from
vascular plant leaf waxes. Differences in 8D between C,,-C,g and C,,-C;, n-alkanoic
acids suggest a marine source for the shorter chain lengths and a predominantly terrestrial
source for the longer chains. For both 8D and 8“C, data from all terrestrial chain lengths
were combined to produce single indices of isotopic change. Both of these records
exhibited isotopic enrichment during the late Glacial and Younger Dryas periods and
depletion during the Bglling-Allergd and Preboreal periods. 3D is most likely a record of
the hydrogen isotopic composition of environmental water used for plant growth,
including the effects of evaporative enrichment within leaf spaces, and as such may act as
a proxy for local aridity. In agreement with Cariaco Basin sediment grey scale records,
3D suggests that the late Glacial and Y ounger Dryas were more arid than the Bglling-

Allergd and Preboreal periods. n-Alkanoic acid 8"°C, which is a proxy for C; versus C,
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plant type, indicates that C; plants predominated in this area of the tropics during warm
and wet periods, such as the Bglling-Allergd and the Holocene, and the relative
abundance of C, plants increased during cooler and more arid periods, such as the Glacial
and Y ounger Dryas. The biomarker 8"C record agrees with pollen data previously
developed from Cariaco Basin sediments, confirming that leaf wax compounds preserved
in marine sediments can serve as sensitive indicators of terrestrial vegetation changes.
Coupled carbon and hydrogen isotope measurements in plant leaf wax compounds
provided valuable information about aridity and vegetation change in northern South

America, and could thus be applied to other areas where less is known about the climate

background.

Introduction

Organic compounds derived from terrestrial plants and preserved in marine
sediments can be a useful tool for understanding the nature of past vegetation, and by
inference, paleoclimate. Studies of vascular plant biomarkers, such as leaf waxes and
lignin-derived phenols, in marine sediments have yielded information about changes in
paleovegetation and atmospheric circulation (Rieley et al., 1991a, 1991b; Ohkouchi et
al., 1997; Huang et al., 1999; Huang et al., 2000; Freeman and Colarusso, 2001; Schefuf3
et al., 2003).

I studied the carbon and hydrogen isotopic composition of vascular plant-derived
compounds preserved in Cariaco Basin sediments, which have already yielded detailed
records of local and high-latitude North Atlantic climate change during deglaciation, in
order to determine the response of local vegetation to known millennial-scale climate
variability. I demonstrate that terrestrial vegetation in this area is responsive to local
climate change, and that different molecular-level analyses can be effectively combined
to better understand the terrestrial vegetation signal embedded in the sedimentary record.

In the present study, vascular plant leaf waxes served as biomarkers (organic
compounds that can be attributed to a specific organism or group of organisms). These

particular compounds form a protective coating on the surfaces of leaves, helping to
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prevent physical damage and excessive water loss (Eglinton and Hamilton, 1967). Leaf
waxes contain long-chain hydrocarbons, including C,;-C;, n-alkanes, which exhibit an
odd-carbon-number predominance, and C,,-Cs, n-alcohols and n-alkanoic acids (fatty
acids), which exhibit an even-carbon-number predominance (Eglinton and Hamilton,
1967; Kolattukudy, 1976). The carbon number preference of these compounds aids in
their analytical identification and source assignment. In general, these leaf wax
compounds are well preserved in marine sediments (Prahl and Muehlhausen, 1989;
Meyers, 1997).

Compound-specific isotopic analyses of leaf waxes reveal information about the
nature of the source plants. Both carbon and hydrogen isotopes of leaf wax fatty acids
were analyzed in the same samples in order to investigate changes in local terrestrial
vegetation assemblages and the climate in which they grew. Plants that use different
metabolic pathways during photosynthesis, such as C; and C, plants, exhibit different
ranges of 8°C values in their organic tissue (e.g. Hayes, 1993). C, plants are better
adapted to arid and low CO, environments than C; plants, and while the C,
photosynthetic mechanism limits water loss, it also reduces carbon isotopic fractionation
of atmospheric CO, by the plant. Thus, C, plant tissue is isotopically enriched in *C
compared to C, plants. Collister et al. (1994), for example, measured 8"C values of —10
to —16%o in the total leaf tissue of C, plants and —25 to —30%c in C; plants. Total surface
lipid extracts were found to be depleted on average an additional 8% and 4%o in C, and
C, plants, respectively, and were shown to record isotopic values consistent with
photosynthetic pathway. By measuring 8"C of leaf waxes from marine sediments, one
can thus infer how the balance of C; and C, biomass in the region might have changed
over time (Huang et al., 2000; SchefuB et al., 2003). However, changes in the carbon
isotopic composition of leaf wax assemblages only broadly describe the relative
influences of C; and C, vegetation. Due to the ranges of isotopic values observed in each
type of plant, it is not possible to describe their past influences on the leaf wax record in a
quantitative manner. As an interpretive tool, terrestrial vegetation regimes are divided

into two broad categories designated "forest" and "grassland". Both contain C; and C,
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plants, but the forest end-member is dominated by C; vegetation and low-latitude

grasslands are identified by the enhanced presence of C, vegetation.

Hydrogen isotopes have not been as extensively researched as carbon isotopes in
vascular plant lipids, although 8D of leaf waxes may provide information about plant
type and growth climate. Sternberg (1988) found that for submerged aquatic plants in
lakes, 8D values of the plant lipids paralleled those of the lake water, although the plant
values were consistently more depleted. The same relationship was not found for plant
cellulose. Chikaraishi and Naraoka (2003) analyzed leaf wax n-alkane hydrogen isotopes
for 33 terrestrial plants in Japan and Thailand and found 8D values for n-alkanes of
—~152+26%o for C; angiosperms (—149+16%o for gymnosperms) and —171+12%o for C,
plants. These results suggest that C; and C, plant leaf wax 8D values may differ
systematically, in which case 6D values of leaf waxes in marine sediments could be used
to differentiate between the two types of vegetation in a paleoclimate record. However,
dD values in leaf waxes may be influenced by factors other than environmental water 8D,
such as temperature and evapotranspiration, complicating the interpretation of 8D
paleoclimate results. Sternberg et al. (1984) observed roughly similar dD values for C,
and C, plant saponifiable lipids, although only four types of each plant were analyzed and
the study was not limited to specific compounds. Terwilliger et al. (2002) demonstrated
that deuterium fractionation in leaf cellulose of different modern plant species is not
predictable, with different plant species in the same geographic area exhibiting varying
relationships between 0D and elevation. In this study, hydrogen and carbon isotope
measurements were performed on specific compounds in the same samples, enabling
comparison of the leaf wax 8D record with 8°C, the latter being insensitive to changes in
the hydrologic cycle. Additionally, only leaf wax fatty acids were used for this study,
eliminating the influence of other plant-derived compounds that were created through
different chemical pathways with different deuterium fractionation factors (Sessions et
al., 1999).

Pollen records from the northern South American region imply that there were

systematic shifts between forests and grassland as the mean climate state varied during
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the last deglaciation (van ‘t Veer et al., 2000; Rinaldi, 1996; Islebe et al., 1995; Leyden,
1985), likely owing to the enhanced ability of C, plants to tolerate arid environments.
The Cariaco Basin pollen record specifically shows an elevated amount of grass and herb
pollen compared to forest taxa pollen during cold periods such as the Younger Dryas
(YD) and Glacial, indicating that grasslands expanded during times when the
Intertropical Convergence Zone (ITCZ) was shifted southward and the local climate was
arid (Rinaldi, 1996). Forest vegetation, representative of C, plants, exhibited greater
pollen abundances during warm and wet periods, such as the Bglling-Allergd (B-A) and
the Preboreal. The Colombian pollen record of van der Hammen and Hooghiemstra
(1995) demonstrates the same pattern, indicating vegetation shifts on a regional scale.
The biomarker results generated in this study will be compared to these pollen records to

independently verify the utility of my methods for assessing paleovegetation.

Data Collection and Analysis

Study Site

The sediments used in this study were collected from the Cariaco Basin off the
Venezuelan coast and contain annual laminations throughout the last deglaciation,
extending back to 15 thousand years before present (kyr BP) (Overpeck et al., 1989;
Peterson et al., 1991; Hughen et al., 1996a; Hughen et al., 1996b). Water in the Cariaco
Basin is anoxic below 300 m, enhancing organic matter preservation and eliminating
bioturbation. Hughen et al. (1998) and Hughen et al. (2000) provided a reliable calendar
age scale for Cariaco Basin sediments through varve counting and comparison of
foraminiferal and tree ring radiocarbon records. Samples were obtained from piston
cores PLO7-56PC (10°41.22°N, 64°58.07°W; 810 m) and 58PC (10°40.60°N,
64°57.70°W; 820 m). These high deposition rate cores were collected from a saddle
between the eastern and western sub-basins where there is minimal interference from
turbidites or sediment slumping (Peterson et al., 1991), and where sediment redistribution

due to advective processes should be minor (Mollenhauer et al., 2005).
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The annual climate cycle in northern South America, which is characterized by
two distinct regimes, results in the yearly deposition of sedimentary laminae couplets,
consisting of light-colored, plankton-rich and dark-colored, terrigenous mineral grain-rich
layers (Hughen e al., 1996b). Annual migrations of the ITCZ produce a dry season with
strong trade winds and enhanced coastal upwelling during Boreal winter, and a rainy
season with diminished winds and upwelling during summer (Aparicio, 1986). The light
layer is deposited during the upwelling season and the dark layer, including terrigenous
silts, clays, and organic matter, is delivered during the rainy season via rivers that drain
towards the basin.

In addition to seasonal changes, millennial-scale variations are observed in
Cariaco Basin sediments. Relative reflectance, or grey scale, measured on fresh surfaces
of split Cariaco Basin sediment cores correlates well with light laminae thickness, which
records annual upwelling intensity (Hughen ez al., 1996a). Grey scale and light laminae
thickness show abrupt changes during the last deglaciation, indicating increased
upwelling and trade wind strength during the YD and late Glacial periods, and reduced
upwelling during the B-A and Preboreal periods. The former two periods are considered
to reflect cool and arid conditions in northern South America and the latter two were
warmer and wetter (Haug er al., 2001; Lea et al., 2003), consistent with millennial-scale
northward and southward migrations of the mean seasonal ITCZ positions. The suite of
Cariaco Basin deglacial climate changes correlate well with high-latitude Northern
Hemisphere climate records, in particular the Greenland ice cores (Johnsen et al., 1992).
General Circulation Model (GCM) simulations and abundance data for the planktonic
foraminifer G. bulloides, which serves as an upwelling indicator, support the idea that
upwelling in the Cariaco Basin is synchronous with reduced North Atlantic sea surface
temperatures and increased zonal trade wind strength (Rind et al., 1986; Schiller et al.,
1997; Black et al., 1999).

Several small rivers drain northern Venezuela and empty towards the Cariaco
Basin, contributing terrestrial organic matter to the sediments. Two of the larger rivers

presently drain areas with distinctly different plant communities. The Rio Tuy flows
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eastward along the mountainous coast and the Rio Unare flows northward through the
savanna-like Llano. The vegetation in the high-elevation portion of the Rio Tuy drainage
basin includes evergreen broadleaf rainforest and deciduous forest. The drainage basin of
the Rio Unare consists mostly of unforested or sparsely forested grassland (UNEP, 2004).
Thus, the vascular plant organic matter delivered to the Cariaco Basin through each of

these rivers is expected to be different in character.

Analytical Methods

Lipid organic matter was extracted from eight freeze-dried sediment samples
using a Dionex Accelerated Solvent Extraction system with methanol/dichloromethane
(1:9), operating at a temperature and pressure of 100°C and 1000 p.s.i., respectively. The
resultant total lipid extract was concentrated (Zymark Turbovap) and then separated via
solid phase extraction (500mg aminopropyl sorbent in 6 ml tubes). Neutral lipids eluted
in the first fraction (7 ml 1:9 acetone/dichloromethane) and n-alkanoic acids eluted in the
second fraction (8 ml 2% formic acid in dichloromethane). The lipids in the acid
fraction, including leaf wax n-alkanoic acids, were methylated using 14% boron
trifluoride in methanol (70°C for 20 minutes). The resulting fatty acid methyl esters
(FAMESs) were extracted with hexane, dried with anhydrous sodium suifate, and then
purified via silica gel chromatography (5:95 ethyl acetate/hexane). Prior to analysis by
gas chromatography (GC), a C;4 n-alkane standard was added to each sample.

All samples were initially analyzed via GC using an Agilent 6850 GC equipped
with a split/splitless inlet, flame ionization detector (FID), and Agilent 6850 Auto
Sampler. The inlet temperature was 300°C. A CP Sil 5CB capillary column (60m, 0.25
mm i.d.) was used with hydrogen as the carrier gas. The samples were dissolved in
toluene and run with a temperature program of: initial temperature 60°C (2 min), ramped
to 210°C at 25°C/min, then 4 °C/min to 330°C, held for 15 min. FAMEs were positively
identified via gas chromatography-mass spectroscopy (GC-MS) analysis performed on an
Agilent 6890 Series GC coupled to an HP 5973 Mass Selective Detector. The GC-MS
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analyses were performed with a temperature program of: initial temperature 40°C (2
min), raised at 20 °C/min to 120, then 5°C/min to 320°C, held for 15 min.

Isotope ratio monitoring GC-MS (irm-GC-MS) was used to determine §"C values
for individual compounds. Measurements were performed on a Finnigan Delta™ stable
isotope mass spectrometer with an attached HP 6890 GC and Finnigan GC combustion
Il interface. The temperature program used for irm-GC-MS was: 60°C (2 min) ramped
to 120°C at 30 °C/min, then 6 °C/min to 340°C, held for 15 min. A DB5-MS column was
used. Where sample size allowed, analyses were performed in duplicate or triplicate.
8"C values were determined relative to a reference gas (CO,) of known isotopic
composition, introduced in pulses during each run.

Hydrogen isotope ratios were measured on a Finnigan Delta™* XL isotope ratio
mass spectrometer (IRMS) coupled to an Agilent 6890 GC via a Finnigan TC interface
held at 1440°C (Burgoyne and Hayes, 1998). The H;*-factor for this instrument was
measured daily by introducing square waves of H, gas with constant 8D and peak heights
varying over a 10-fold range, and was typically <4 ppm mV". Data were collected and
corrected for contributions of H;* using the pointwise method of Sessions et al. (2001)
and processed with Isodat NT software version 1.41 (ThermoFinnigan, Bremen).

Two types of standards were measured along with the Cariaco Basin samples in
order to provide an estimate of instrumental error for hydrogen isotope measurements. A
mixture of C,,~C,, n-alkanes (“external standards,” obtained from the Biogeochemical
Laboratories, Indiana University; http://php.indiana.edu/_aschimme/hc), with
concentrations varying over a fivefold range were analyzed multiple times each day.
Three n-alkanes (n-C,s, n-C,,, and n-C,,) were coinjected with each unknown sample.
Two of these (n-C,; and n-C,,) were defined as standards, while the third (n-C,,, dD=-
55.4%o0) was used to assess accuracy. The mean precision expressed as the pooled
standard deviation of plant wax FAMEs was 4.6%.. Based on the root mean square of n-
C,, replicates (n=13), the accuracy estimate was 4.7%o. Reported 8D values were
normalized by regression of the IRMS values and the offline values for the n-C,s-C;, n-

alkane mixture. All samples were run in duplicate for hydrogen isotopic analysis, with
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the exception of the sample at 12.2 kyr BP, for which there was not enough material for a
second measurement. Reported 8D values are averages of duplicate runs.

The 8"C and 8D results have been corrected for the isotopic composition of the
methyl group added to the compounds during methylation, ensuring that the reported
values reflect the 8"C and 8D of the original n-alkanoic acids. To accomplish thié, a
phthalic acid standard with known isotopic composition was methylated in the same
manner as the samples, then measured and used to calculate the isotopic composition of
the added methyl carbon and hydrogen. Average chain length (ACL) of n-alkanoic acids
was computed from GC-FID peak areas using the formula: 2(C;*i)/2C,, where C, is the
peak area of an n-alkanoic acid of carbon chain-length i. Although analyses were
performed on FAME:S, these compounds are referred to in the following text as fatty

acids.

Statistical Analysis of Molecular Isotopic Data

To aid in the interpretation of trends in the leaf wax 8"C and 8D records, all
terrestrial fatty acid chain lengths (C,,-C, for 8D; C,,-C,, for 8°C) were combined into
single indices of isotopic change using two statistical methods. These techniques were
especially useful for the hydrogen isotope record, for which the magnitude of
instrumental error approaches or exceeds the climate signal. Discrepancies in the trends
of isotopic change between different chain lengths for both 8D and 8"C are also
addressed by my methods. First, the terrestrial fatty acid isotope records were “stacked”.
First, the mean chain length isotopic value was subtracted from each data point. The
resultant values were then normalized to the standard deviation of the isotopic values
determined for each specific chain-length fatty acid, removing any weighting bias of
largely varying chains. In essence, this treats different chain length data points in the
same depth interval as replicates of one inclusive isotopic measurement. As such, errors
could be estimated for each depth interval by calculating the standard deviation of these
“replicates”. To generate the final stacked records, the mean of the normalized data for

all terrestrial chain lengths was calculated for each depth interval.
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In generating the stacked records, I have assumed that all chain lengths are
derived from the same source region or plant biome. That is, each fatty acid chain length,
although normalized to standard deviation, is given the same weight in the stack. To
avoid this assumption, mass-weighted average isotopic indices were also generated. For
this statistical method, each isotopic result was multiplied by a weighting factor
equivalent to the fractional abundance of its chain length compared to all terrestrial fatty
acid chains in that sample. The results were then summed for each depth interval to
produce a single result. If different terrestrial chain lengths were derived from different
source plants, as suggested by the ACL record of Hughen et al. (2004), the weighting
factors would favor the isotopic signal of the dominant producers. In this way, the mass-
weighted average technique should reflect the isotopic character of the entire regional
ecosystem better than the stacking technique. The error of these results, expressed as
standard deviation of the mass-weighted average, was calculated from the variance,
which is the sum for each depth interval of the fractional abundances of each fatty acid
squared times the variance of the average isotopic results, plus the average results

squared times the variance of the fractional abundance estimates.

Results and Discussion

Although it has been shown that leaf waxes can be transported long distances (e.g.
halfway across the Pacific Ocean) by aeolian processes (Gagosian and Peltzer, 1986;
Ohkouchi et al., 1997), a near-shore marine basin such as the Cariaco is expected to
contain terrestrial organic matter that is derived primarily from regional or local sources.
Hughen et al. (2004) plotted Cariaco Basin leaf wax fatty acid 8"°C versus average chain
length and found a bimodal distribution for different climate states that is not shared by
African-source leaf waxes, indicating that the latter are not significant in Cariaco Basin
sediments. Leaf wax compounds delivered through the rivers that feed the basin also
contribute to the local terrestrial organic component in the sediments, although their
residence time in soils prior to transport is unknown. Future molecular “C-based studies

may help clarify the path leaf waxes take from plant to depositional site, but for the
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purposes of this study, it is assumed that the leaf waxes are predominantly of local origin
and experience a short terrestrial residence time. Additionally, seasonal cycles in leaf
wax chemical composition and delivery to the basin are expected to average out through
the time periods sampled, which are about 10-15 years per sediment interval (1.5-2.0
cm).

A record of 8"C and 8D variability in leaf wax fatty acids from Cariaco Basin
sediments was obtained for the time period spanning the late Glacial through the
Preboreal period (all analytical results are presented in Appendix A). Two samples each
were selected from four different climate stages, including the Glacial, B-A, YD, and
Preboreal. Initially, different classes of leaf wax compounds were analyzed, but only n-
alkanoic acids, which were easily identified and isolated, were selected for this study. »n-
Alkanes and n-alkanols could not be used because of interference by petrogenic
hydrocarbons, likely derived from seepage in the basin, or low abundances (n-avlkanols).
Fatty acid homologues between C,s and C;, were analyzed. Longer chain (=C,,) fatty
acids are derived largely from terrestrial plants, whereas shorter carbon chain lengths
may be derived from multiple sources, including aquatic productivity and heterotrophy
(Meyers, 1997). Example chromatograms of Cariaco Basin fatty acids (as FAMESs) from
the Glacial (14.7 kyr BP) and Preboreal (10.9 kyr BP) periods are shown in Figure 2-1.
A strong even carbon number predominance is observed (CPI=4.9 for the 14.7 kyr BP
sample), consistent with the distribution of these compounds in leaf waxes. Maximum
fatty acid inputs occur at chain length C,, for the Glacial sample and C,, for the Preboreal
sample. In general, chain length distributions appear to be shifted towards longer-chain
fatty acids in the chromatograms from Glacial samples compared to the others.

Concentrations of fatty acids in Cariaco Basin sediment samples are shown in
Figure 2-2. For all terrestrially derived chain lengths (C,,-C;,), the lowest concentrations
were recorded during the last Glacial and YD and higher concentrations occurred during
the B-A and Preboreal periods. This trend suggests that leaf wax production decreased
with increased aridity, leaf waxes were primarily transferred to the Cariaco Basin via

fluvial transport, or terrestrial biomarkers were diluted by biogenic minerals resulting
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Figure 2-1
Cariaco Basin Fatty Acid Chromatograms
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Chromatograms (GC-FID) of Cariaco Basin Glacial (top) and Preboreal (bottom)
samples. Plant wax fatty acids (as methy! esters) appear as individual peaks (Cas-Cs2).
FAME concentration was determined from peak areas referenced to an internal standard

(Cs6 n-alkane).
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Figure 2-2
Cariaco Basin Fatty Acid Concentrations
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from increased marine productivity during the YD and the last Glacial. The latter option
is supported by the observation that overall sedimentation rates were greatest during the
YD, driven by marine productivity (Hughen et al., 1996b). The ACL of C,,-C;, fatty
acids is presented in Figure 2-3. ACL values were greatest during the Glacial,
intermediate from 14.5 to 12.6 kyr BP, and lowest between 12.2 and 10.5 kyr BP.
Glacial values were 26.9 and 27.4, while ACL values for all other periods were less than
26.5 (estimated error of +0.03 units). Although from adjacent sediment core samples
with similar fatty acid concentrations, the two Glacial data points exhibit the greatest
difference in ACL observed in sample pairs from the same climate period.

Cariaco Basin fatty acid 8D data are presented in Figure 2-4. The error for these
measurements, expressed as the pooled standard deviation of all duplicate analyses, is
14.6%o. Cs, results are not included in the analyses because the chromatographic peaks
for this compound were not large enough to permit robust isotopic determination. C,q
and C, fatty acids, which are typically of marine origin, are depleted in deuterium
compared to the leaf wax compounds (C,,-C;,), as depicted for two samples in Figure 2-
5. The C,¢ and C,4 fatty acids averaged over all eight samples have 8D values of
—183.1%0 and —156.6%o, respectively, while C,,-C;, fatty acids have average values
between —123.6%0 and —105.0%o. This offset in 8D suggests different sources for long
and short chain lengths, as predicted, and supports the interpretation of C,, and longer
fatty acids as terrestrial plant biomarkers. Cariaco Basin Cg fatty acids have 8D values
similar to C,¢ in the late YD and Preboreal, but trend towards more typically terrestrial
values during earlier periods, possibly reflecting an increase through time in production
of this specific compound by its marine precursor. Alternatively, this trend could reflect
a shift in the balance between marine and terrestrial contributions of the C,g fatty acid or
increasing preservation of the marine end member. Sauer et al. (2001) also noted greater
variability in 8D of short chain n-alky! lipids than long chain, terrestrial homologues in
lake sediments.

The different terrestrial chain lengths exhibit generally similar patterns of change,

with enriched 8D values observed in the late Glacial and again in the middle of the record
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Figure 2-3

Cariaco Basin Fatty Acid Average Chain Length
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Figure 2-4
Cariaco Basin Fatty Acid 6D
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duplicate runs, with the exception of the 12.2 kyr BP sample, for which the amount of
sample material only permitted a single injection. The error bar (4.6%o) in the upper left
corner of the figure represents the pooled standard deviation of all duplicate analyses.
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Figure 2-5
Cariaco Basin Fatty Acid Concentration and
Isotopic Data for a Preboreal and Glacial Sample
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during the late B-A or YD, while Holocene values are generally depleted. The maximum
range of variability of 8D is 15.9%o for C,, fatty acids, 13.0%o for Cyg, 18.7%o0 for C, and
32.3%o for C,,. For many of the chain lengths investigated, instrumental error (4.6%o)
eclipses point-to-point 8D variability, precluding robust interpretation of the climate
signal in individual homologues. |

The fatty acid 8D results were compared to several other studies of hydrogen
isotopes in modern terrestrial lipids. Sessions ez al. (1999) found 8D values between
—169%0 and —150%o for marsh grass (Spartina alterniflora) odd-numbered leaf wax n-
alkanes and values between —166%o and —113%o for carrot plant (Daucus carota) n-
alkanes. Chikaraishi and Naraoka (2003) found average terrestrial plant long-chain n-
alkane 8D values between —193%o and —115%o for a wide range of species. The 8D
values obtained for leaf wax fatty acids in Cariaco Basin sediments were enriched
compared to the n-alkane values reported in these studies. This discrepancy could be due
to differences in the type of leaf wax compounds analyzed or may arise from differences
in 8D of plant growth water in the various studies, each of which were conducted with
samples from different continents. Additionally, Cariaco Basin sediments were collected
from lower latitudes than most samples from the other studies. Although these studies
demonstrate the large range of plant wax 8D values found in nature, the difference in 8D
between Cariaco Basin long and short-chain fatty acids argues for a predominantly
terrestrial origin for the long-chain homologues. ’

813C results for individual fatty acids, which are indicative of source plant type,
are presented in Figure 2-6. The error for these measurements, determined as the pooled
standard deviation of the samples measured in duplicate or triplicate, is +0.5%o. Inferred
terrestrial fatty acid (C,,-Cs,) 8"*C values span a range of ~30.8%o to —-21.1%.. 8"°C
values of the C, and C4 fatty acids fall within or near the 8"°C range of C,,-Cy,
suggesting that some of these longer chain homologues have a marine derived
component, or possibly that some terrestrial and marine organic inputs have similar 81C
values. However, the patterns of isotopic change observed in the short-chain fatty acids

are distinct from those of C,,-C,,, reinforcing the interpretation of long-chain fatty acids
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Figure 2-6
Cariaco Basin Fatty Acid §°C
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as predominantly terrestrial in origin. As with 8D, different terrestrial chain lengths
exhibited somewhat different trends of 8"°C change. However C,-C;, fatty acids were all
generally enriched in °C during the late Glacial and midway through the record, and
were generally depleted during the B-A and Preboreal periods (for example, see Figure 2-
5). 8°C of the C,, and C,, fatty acids varied by greater than 5%o between the late Glacial
and the Preboreal.

The C,¢ through C,, fatty acids exhibited a trend of decreasing 8"°C with
increasing chain length, as observed for the glacial and Preboreal samples depicted in
Figure 2-5. This same relationship has been observed in leaf wax n-alkanes of some
modern plants (Collister et al., 1994; Nguyen Tu et al., 2004). A mixture of shorter-
chain contributions from predominantly C, plants and longer-chain contributions from C;
plants could also produce this pattern in leaf waxes sampled from marine sediments.
However, this hypothesis is not consistent with ACL records from the Cariaco Basin
(Hughen et al., 2004) and southern Asia (Freeman and Colarusso, 2001), which exhibit
the longest average chain lengths in samples with elevated 8"°C values. In addition,
modern spatial patterns in African leaf wax compounds show longer chain lengths
associated with enriched 8"C (SchefuB et al., 2003).

The carbon isotope chain length index records show distinct variations in "°C
between climate states. Individual data points used to create the stacked record are
shown in Figure 2-7 and the stacked record is presented in Figure 2-8 (top). Enriched
8™C values, which are taken to imply a higher C,/C; source plant ratio, are observed in
Glacial and YD samples, and comparatively depleted values are observed in B-A and
Preboreal samples. Unfortunately, the large errors that arise during the normalization and
stacking process preclude a robust paleovegetation interpretation of these trends.
However, the same pattern of isotopic change is observed in the mass-weighted average
record (Figure 2-8, bottom), for which the errors are smaller. The fact that the 8°C
stacked and mass-weighted average records closely resemble each other argues for a
common source region for all fatty acid chain lengths, as shifting chain length dominance

appears to have no effect on the isotopic record.
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Figure 2-7
Cariaco Basin Individual §"*C Measurements for Stacking Index
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All FAME §"3C data (Cy4-C,) that was used to make the stacked index record. Only
chain lengths that are thought to be attributable to terrestrial vascular plants are used to
make indices of overall isotopic change. Each data point has had the mean §'C value
(%0) for the associated chain length subtracted from it and has been normalized to the
pooled standard deviation for that chain, giving rise to the “stacking index” value on the
y-axis. Thus, chain length specific variability has been removed and data from different
chain lengths for individual depth intervals can be plotted on the same scale.
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Figure 2-8
Cariaco Basin 8'C Indices

2.5
24
1.5~
54 1
3
S
£ o
. 54
g
&
& 0
w0
0.5
-1+ \/
PB YD B-A GL
+22.5 -
2 [
%g) 23~
>
3 B / A
2
B
L
g 24
)
w
~24.54
-25 T ¥ T 1
8 g g g 8 g
g = 8 8 % 2
Calendar Age (years BP)

Carbon isotope combined indices for chain lengths C4-C3,. Error bars are presented
as thin black lines and are described in the statistical analysis section of the text. Top:
Stacked 8">C isotopic index, generated from the data presented in Figure 2-7. Bottom:

Mass-weighted average 8'°C isotopic index.
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The most straightforward explanation for the leaf wax fatty acid 8°C trend is a
shift in the balance between terrestrial vegetation regimes in favor of C, grassland
expansion during arid, cold periods. Carbon isotope data are consistent with a greater
presence of C; plants during the BA and Preboreal wet periods and an enhanced influence
of C, plants during the Glacial and YD. The Glacial and YD grassland expansion/forest
reduction model is compatible with general C, and C, plant attributes and records of
regional climate change. Supporting evidence is found in pollen records from northern
South America (van ‘t Veer et al., 2000; Rinaldi, 1996; Islebe et al., 1995; Leyden,
1985), which exhibit relative reductions of forest inputs and increases in grassland inputs
during the Glacial and YD periods.

As part of the above interpretation of the pollen and leaf wax records, I assume
that changes in the measured variable represent changes in the relative biomass of
contributing vegetation of certain types, and not changes in atmospheric circulation (wind
trajectory), fluvial transport, or pollen production from individual plants. Unfortunately,
the 8"C record is difficult to interpret in terms of absolute abundance changes of
different plant communities due to a lack of information about the production rates of leaf
waxes by different vegetation types, as well as the wide range of leaf wax carbon isotopic
values for C; and C, end members.

An expansion of C, vegetation in northern South America during the Glacial and
YD periods could be explained by increased aridity, reduced temperature, or reduced
atmospheric CO, concentration. Trends in the Cariaco Basin leaf wax 8"°C record
parallel changes in the sediment grey scale and foraminiferal Mg/Ca records (Lea et al.,
2003), which track changes in terrestrial runoff (aridity, by inference) and sea surface
temperature, respectively. In a Central American leaf wax 8"C study, Huang et al.
(2001) demonstrated that C;/C, plant distributions varied with local aridity, but not with
global atmospheric CO, concentration. Conversely, Street-Perrott e al. (1997) produced
an East African high-altitude lake leaf wax record that exhibited an increase in 8"°C prior
to the estimated local aridity maximum, but in step with the deglacial Vostok CO,

increase, which argues for CO, concentration as the deterministic factor for C, plant
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expansion. Jolly and Haxeltine (1997) reached a similar conclusion by using a vegetation
model to show that African C; and C, plant communities are more sensitive to
temperature changes during periods of reduced atmospheric CO, concentrations.
However, these two studies that show sensitivity to atmospheric CO, may be pertinent
only to high-altitude biomes, and thus not appropriate for comparison to Cariaco Basin
data. Indeed, the fatty acid 8"C results argue for a vegetation response to local climate
conditions, such as aridity and/or temperature, rather than atmospheric CO,. The
decrease in "C from the late Glacial to the B-A is coincident with the rise in

atmospheric CO,, but there is a similar 8°C trend for the YD to Preboreal warming, for

which there is no such CO, increase.

An explanation for the data that involves changes in plant physiology such as leaf
wax production or leaf biomass, may be preferable to one that necessitates a change in
the amounts of forest and grassland vegetation because changes in plant structure can
occur on much shorter time scales than changes in whole vegetation regimes, possibly by
several orders of magnitude (Cowling et al., 2001). Hughen et al. (2004) demonstrated
that the Cariaco Basin vegetation signal lags local climate changes by about 25-50 years,
which may be too short a time period for extensive changes in plant communities
(Cowling et al., (2001) estimated 100 to 1,000 years for large shifts in vegetation).
Cowling et al. (2001) used a vegetation model to show that the Amazonian forest canopy
(in terms of the leaf area index) may have been reduced in density at the last glacial
maximum rather than having been replaced by grassland. The authors hypothesized that
forest extent may have been maintained through a reduction in evapotranspiration and
photorespiration due to glacial cooling. If these model results are valid, there may not
have been a reduction in the areal extent of the C; plant biome that contributed leaf waxes
to the Cariaco Basin, but rather a reduction in the canopy density or health of the forest
vegetation. Under these circumstances, fewer C; fatty acids would have been produced
and delivered to the Cariaco Basin during the Glacial period because a reduced canopy

density translates to a smaller contributing pool of leaf waxes.
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Variability in the mode of delivery of terrestrial organic material to the Cariaco
Basin could also account for the observed variations in fatty acid 8°C, obviating the need
to call upon a change in vegetation structure or health. Since the Glacial period, changes
in the seasonal cycle in northern South America were tied to changes in wind strength
above the Cariaco Basin. Additionally, deglacial variations in precipitation and sea level
rise may have affected the morphology and dynamics of the two rivers that drain into the
basin. These changes would have impacted the delivery of leaf waxes from terrestrial
plants and soils to the marine environment, although the manner in which they influenced
the Cariaco Basin leaf wax record is unknown. Relative contributions of leaf waxes to
the Cariaco Basin from aeolian and fluvial sources remain difficult to assess and have not
been quantified. During the Glacial, the Rio Unare and Rio Tuy drained the additional
portion of the continental shelf exposed by lowered sea level, which may have been
vegetated by either plant type and contained soil organic matter derived from prior inputs,
thus depositing terrestrial organic matter of uncertain origin and age in close proximity to
the basin. Nevertheless, while an exposed shelf populated with C, vegetation could
explain the leaf wax 8"°C decrease from the Glacial to the B-A, it could not account for
subsequent changes, and thus is not likely the deterministic factor in C; versus C, plant
leaf wax contribution to the sediments.

Although leaf wax 8"C values are méchanistically linked to source vegetation
type, no such formal relationship has been determined for ACL. Some studies have
suggested that ACL may be positively correlated with plant growth temperature
(Gagosian and Peltzer, 1986; Rinna et al., 2002). The ACL record in this study, which
exhibits the highest values during the Glacial period, is inconsistent with this proposed
relationship. Chikaraishi and Naraoka (2003) directly sampled 22 C, and 7 C, species of
vascular plants in Japan and Thailand and reported n-alkane ACL values. These C; and
C, plants had mean ACL values of 29.65 and 31.14, respectively. A two-tailed Student’s
t-test was performed on these sample populations, and revealed that the mean C; and C,
ACL values are significantly different for a 95% confidence level. This finding may not

be relevant to my ACL record, though, because n-alkanes were measured instead of fatty
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acids and different ranges of n-alkane carbon chain lengths were used for different plant
species. Furthermore, environmental variables that may influence ACL were not
recorded as part of the Chikaraishi and Naraoka (2003) study. Schefuf et al. (2003)
found differing distributions of plant wax n-alkanes on a longitudinal transect off the
West African coast, in which a longer chain length (C;,) was dominant downwind of arid
regions compared to wetter forested areas (C,, dominated). This finding supported their
hypothesis that chain length is primarily influenced by aridity, in accordance with the role
of leaf wax waxes in preventing moisture loss from plants.

Hughen et al. (2004) generated high-resolution plant wax fatty acid ACL and 8"C
records from Cariaco Basin sediments spanning about 15-10 ka and observed that both
variables changed in parallel with local mean climate state. Elevated ACL values were
observed during periods of maximum 8"C and local aridity, implying that ACL could be
indicative of C; versus C, plant type. Based on this relationship, the Cariaco Basin ACL
record is consistent with enhanced C,/reduced C; plant contributions during the late
Glacial period with an overall decrease in the C,/C, plant ratio over time until 10.5 kyr
BP. However, this pattern of change is not observed in the 8"C record, for which the YD
samples are not isotopically depleted enough to match the ACL trend. 8"C and 8D from
Cariaco Basin fatty acids imply greater C, inputs and more arid conditions during this
period, yet ACL values remain low, similar to B-A and Preboreal samples. Clearly,
therefore, further interpretation of ACL data awaits more systematic studies of the
relationship between plant physiology and chain length distribution.

Individual hydrogen isotope data points that were used to generate the stacked
record are presented in Figure 2-9 and the stacked 8D record is shown in Figure 2-10
(top). The pattern of change observed in the stacked 8D record is similar to that of the
stacked 8°C record, with enriched isotopic values in Glacial and YD samples and
depleted values in B-A and Preboreal samples. In this case, the errors compromise some
of the climate signal, but the Glacial and Preboreal are still distinct, with the most
depleted values occurring in the latter period. The hydrogen isotope mass-weighted

average record (Figure 2-10, bottom) exhibits a trend similar to the stacked record,
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Figure 2-9
Cariaco Basin Individual 8D Measurements for Stacking Index

2.5
2 o
1.5 ¥
* ® o
1 b4 ¥ CHPAME
¥ g O  C26FAME
£ s o R 0 C2BFAME
- g $ O ®  CI0FAME
g o . $
[+
5 (4] J A 4 A
a o] *
@ °
o]
05 .
.
. o O |
. s & & ry g
v .
13
o ¥
2 O T ; ' L
Calendar Age (years BP)

All FAME 8D data (Cy4-Cs0) that was used to create the stacked index record. The data
are presented in the same manner as in Figure 2-7.

53




Figure 2-10
Cariaco Basin 6D Indices
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although a few discrepancies are apparent. In both records, the earlier YD data point
(12.6 kyr BP) is the most isotopically enriched, but it is closer in value to the Glacial data
points in the stacked record. The 12.2 kyr BP sample is enriched compared to the 13.3
kyr BP sample in the stacked record, but not in the mass-weighted average record,
although these differences are within error estimates. Given the errors in the mass-
weighted average 8D record, the Glacial, YD, and late B-A samples are distinctly
enriched in deuterium, while the early B-A and Preboreal samples are comparatively
depleted.

The pattern observed in the mass-weighted average hydrogen isotope record
(Figure 2-10, bottom) may be explained by changes in the isotopic composition of
meteoric or growth water, or possibly by changing C;/C, plant contributions. Because the
deuterium record parallels known changes in aridity, 8D in Cariaco Basin leaf waxes is
interpreted as a proxy for environmental water dD, which is likely related to local aridity.
This interpretation is consistent with the Sternberg (1988) finding that submerged aquatic
plant lipid 8D values paralleled lake water 8D. During the B-A and Preboreal periods,
increased precipitation may have caused distillation of meteoric water reaching the
vegetation source area, resulting in deuterium depletion in leaf waxes. Less precipitation
during the Glacial period and YD would mean reduced distillation and therefore
deuterium enrichment, as observed. An alternative interpretation of the combined 3D
record arises if C; and C, plants fractionate hydrogen isotopes differently during
photosynthesis, and thus the 8D record, like 8"°C, would be suggestive of changing
terrestrial plant communities. At present, it is uncertain whether C; and C, plant leaf
waxes have discernibly different 8D values, although the results of Chikaraishi and
Naraoka (2003) imply that C, plant n-alkanes may exhibit greater deuterium fractionation
with respect to meteoric water than those of C; plants. My data do not support this
finding because 8"C and 8D follow the same trends of enrichment and depletion,
meaning that periods of C; dominance are characterized by the greatest deuterium
fractionation. Due to this discrepancy and the current lack of a mechanism explaining

differing hydrogen isotope fractionation for C; and C, photosynthetic mechanisms, an
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explanation for the 8D data involving changes in the tropical hydrologic cycle is
preferred.

Comparison of systematic changes measured in both isotopic systems reveals
unique relationships between aridity and plant type for the climate periods studied. Leaf
wax fatty acid 8D versus 8"C is plotted in Figure 2-11. The mass-weighted average
records were used for this plot because their errors were smaller in magnitude than those
of the stacked records (considering error, the stacked records produced very similar
results). The two isotope systems appear to record different climate phenomena, but can
be directly compared because all measurements were performed on the same compounds.
The Preboreal and B-A data points have similar 8”C values, which means C; plant
contributions, compared to C,, were maximal during these periods. A wide range of 3D
values were recorded during the Preboreal and B-A, implying variable aridity, although
the Preboreal appears to have been the most arid period. The late B-A sample has similar
8D composition to the samples from the Glacial and YD periods, both of which likely
were arid based on sediment grey scale results (Hughen et al., 1996a). This sample (13.3
kyr BP) was collected from sediments that have a low grey scale value compared to the
rest of the B-A and therefore may have been deposited during a period of brief aridity,
thus explaining the enrichment in deuterium. Glacial and YD data points are enriched in
8C and 8D. Considering error, these four data points are indistinguishable from one
another on this plot. By inference, therefore, the late Glacial and YD were arid periods

with a high C,/C; plant input ratio.

Conclusions
Leaf wax carbon isotopic data indicate that terrestrial grassland and forest
vegetation regimes south of the Cariaco Basin oscillated in parallel with local climate. C;
vegetation predominated during the arid and cool Glacial and YD periods, and C, plants
became more prominent during the wetter and warmer B-A and Preboreal periods. The
Cariaco Basin leaf wax 8"C record shows the same pattern of change as several deglacial

pollen records from northern South America, reinforcing the hypothesis that these
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Figure 2-11
Cariaco Basin 8"*C versus 8D
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terrestrial biomarkers are faithful recorders of terrestrial vegetation change. A strong
relationship was found between 8°C of leaf wax fatty acids and 8D, which is interpreted
as a proxy for 8D of environmental water at the time of leaf wax synthesis. Trends in 8D
confirm changes in aridity between the climate periods mentioned above. The
relationship observed between both isotopic proxies would be expected if arid conditions
provide a strong advantage for C, over C, plants. Similar studies in different locations
would shed additional light on whether aridity is the deterministic climate factor for

vegetation change, thus improving interpretations of other plant wax records.
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Chapter 3

Investigation of Trace Lipids in Alpine Ice Cores

Abstract

Making use of recently developed analytical tools, a broad array of organic
compounds were extracted from small volumes of melted ice and quantified in order to
assess anthropogenic and natural inputs to high-altitude ice fields. Stir bar sorptive
extraction was used to isolate hydrophobic organic compounds from the aqueous samples
in a form that could be quantitatively transferred to a gas chromatograph (GC) inlet via
direct thermal desorption. Individual molecular markers (biomarkers) were identified
and quantified using a GC coupled to a time-of-flight mass spectrometer. Benefits of this
analytical approach include enhanced compound recovery and minimal contamination
during handling, while maximizing the breadth of biomarker information that can be
gained from a single analysis. Such advantages may enable measurement of biomarkers
in ice core samples of a sufficiently reduced volume (=< 30 ml) so as to allow generation
of high-resolution multi-molecular records.

Five post-industrial samples from alpine ice cores were examined in this manner
in order to develop analytical methods and establish the utility of the approach. The
samples include two from the Andes in South America, two from the Tibetan Plateau,
and one from Mt. Kilimanjaro in East Africa. Biomarkers observed in these samples
included n-alkanoic acids, n-alkyl amides and nitriles, polycyclic aromatic hydrocarbons,
diterpenoids, and n-alkanes. These compounds suggest inputs from fresh vascular plant

waxes, biomass burning products, and anthropogenic activities such as fossil fuel
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utilization. The same analyses were also performed on five pre-industrial samples from
two ice cores in order to assess concentration changes of biomarkers through time and the
character of biomarker assemblages in the absence of anthropogenic contributions. Pre-
industrial investigations were performed on three samples from the Sajama ice core from
the Bolivian Andes with ages of about 2 ka, 5 ka, and the last glacial period, and two
samples from the Puruogangri ice core from the Tibetan Plateau with ages of about 2 ka
and 6 ka. Polycyclic aromatic hydrocarbons and diterpenoids, such as were observed in
modern Sajama ice samples, occurred in the two Holocene Sajama samples, but not in the
last glacial sample. This finding, which indicates that byproducts of conifer burning were
greatest during the Holocene, is consistent with arid conditions inferred from previous ice
core research (Thompson et al., 1998). The Puruogangri 6 ka sample contained elevated
concentrations of n-alkyl amides and nitriles, implying a natural source for these
compounds, likely from biomass burning.

These results demonstrate the utility of my analytical methods for generating
biomarker records from small volumes of melted ice. Using these techniques, it becomes
feasible to generate multi-molecular stratigraphic records from tropical ice cores,

expanding the amount of paleoclimate information they provide.

Introduction

Vascular plant derived biomarkers have been identified in many locations and
environments and have been used to reconstruct changes in climate parameters such as
vegetation type, atmospheric circulation, and aridity (e.g., Gagosian and Peltzer, 1986;
Reiley et al., 1991a, 1991b; Ohkouchi et al., 1997; Huang et al., 1999, 2000; Freeman
and Colarusso, 2001; SchefuB et al., 2003; Hughen et al., 2004; Makou et al., in review).
A 8"C record of modern aeolian leaf wax compounds intercepted on Bermuda Island
shows seasonal variability, indicating that biomarker transport and deposition occurs
rapidly (Conte and Weber, 2002). Rapid deposition and excellent preservation
characteristics of leaf wax lipids (Prahl and Muehlhausen, 1989) contribute the usefulness

of these vascular plant biomarkers as paleovegetation indicators. Natural vascular plant
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products such as leaf waxes, and plant combustion byproducts such as polycyclic
aromatic hydrocarbons (PAHs) occur in alpine and polar environments (Kawamura et al.,
1996; Currie et al., 1998; Xie et al., 2000), but are generally an underutilized resource in
ice cores due to their low ambient concentrations, which typically necessitate processing
of kilogram quantities of ice for analysis.

In this study, I employed recently developed analytical technology to characterize
and quantify a broad suite of organic biomarkers in ice core samples equivalent to 30 ml
or less, which are small enough to allow for future generation of high-resolution
stratigraphic records. Stir bar sorptive extraction (SBSE) and thermal desorption (TD)
were used to extract and concentrate organic matter from the melted ice and
quantitatively transfer it to a GC coupled to a time-of-flight mass spectrometer (TOF-
MS), which provided the means to detect and resolve trace quantities of individual
compounds in complex samples. This analytical scheme enhances the potential to
quantify a broad spectrum of organic biomarkers in a sample of melted ice, making it
ideally suited for investigation of ice cores, which are typically severely limited in
amount of available sample material.

SBSE is performed by spinning a magnetic stir bar coated with an apolar
polydimethylsiloxane (PDMS) phase in an aqueous sample, during which time dissolved
organic analytes are partitioned into the phase through absorption (Baltussen et al.,
1999). SBSE has been used successfully to analyze such compounds as fatty acids,
amines, PAHs, and pesticides in aqueous samples (Kolahgar et al., 2002; Pfannkoch et
al., 2003; Ochiai et al., 2004). The stir bars, which are produced by Gerstel under the
name “Twister”, are constructed of glass (10 mm long) coated with 24 pl of a chemically
bonded PDMS phase that is 0.5 mm thick. Baltussen et al. (1999) determined
empirically that the detection limits of some volatile pollutants extracted via SBSE and
analyzed via GC-MS were less than 0.1 ng/L. This level of sensitivity should permit
quantification of trace-level concentrations of biomarkers in alpine ice. Typically, SBSE
is coupled with TD, which provides a means of transferring the sorbed organic matter

from the stir bar to the inlet of a GC for subsequent separation and detection. After a

67




sufficient extraction period, the stir bar is placed in a glass tube that is then introduced
into a thermal desorption system, which is also manufactured by Gerstel (TDS2
ThermoDesorption System). The stir bar is heated under a He flow and the compounds
in the stir bar phase are volatilized, transferred, and cryofocused onto a GC injector liner.
Absorption into the non-reactive PDMS phase, rather than adsorption onto its surface,
protects even unstable analytes from reaction in solution while allowing practically
complete desorption at low temperatures (Baltussen et al., 1999).

There are several advantages of SBSE and TD that make them especially
appropriate for analysis of biomarkers in ice. The high recovery and low detection limits
for semivolatile compounds observed by Baltussen et al. (1999) ensure that even trace
level concentrations of organic compounds, as are expected in alpine ice core samples,
can be quantified using these methods. SBSE and TD also permit analysis of specific
biomarkers with minimal sample handling. Traditionally, recovery of organic material
from melted ice would involve use of solvents (e.g. liquid-liquid extraction) and
subsequent sample concentration and transfer steps. Such procedures frequently result in
sample loss or entrainment of contaminants that could interfere with the analytes during
chromatographic analysis. With SBSE and TD, the analytes are sorbed into the stir bar
within the sample matrix, after which they are transferred directly to a GC with minimal
sample handling and no use of solvents. Finally, the analytes that are sorbed onto the stir
bar are desorbed and transferred to the GC in their entirety, instead of as an aliquot, as is
typical for GC injection from a solvent matrix. This benefit ensures maximum recovery
of the biomarkers, aiding in analysis of trace biomarker concentrations.

TOF-MS is another recent analytical development that is ideally suited to
investigating complex assemblages of biomarkers in environmental samples and for
generating multi-molecular stratigraphic records. The TOF-MS used in this study is the
Tempus, which was designed and manufactured by Thermo Electron Corporation. A
TOF-MS is different from conventional mass spectrometers in that ions of a wide mass
range (e.g. 50-650 amu) are essentially collected continuously, eliminating the need to

scan across a range of mass-to-charge (m/z) values, as is necessary with quadrupole and
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other mass analyzers. After eluting from the GC column, compounds entering the
Tempus are subject to bombardment with 70 eV electron energy, causing them to
fragment and ionize in a reproducible manner and ultimately forming the characteristic
spectral patterns that are used to identify them. The resultant positive ions are focused at
the base of flight tube, which is a rectangular box with the ion push-out region and the
detector on either side of one end and a wire grid (reflectron) at the other end. The ions
are ejected into the flight tube at a rate of 40 kHz through an applied voltage differential.
They travel through the flight tube in a parabolic path, aided by an electric potential
applied to the wire grid, ultimately striking the microchannel plates that rest on top of the
detector. An algorithm is used to differentiate between masses using the time that ions
took to transverse the flight tube and the relationship KE=1/2mv? (where KE = kinetic
energy, m = mass, and v = velocity). A series of three stacked detectors, each of which
detect different but overlapping ion input intensities, provide a linear response covering a
range of concentrations that can approach 6 orders of magnitude (Lin et al., 2000).
Because the Tempus is capable of high spectral acquisition rates (up to 100
spectra/second), it can be used with fast-GC techniques, in which a rapid oven
temperature ramp rate results in rapidly eluting chromatographic peaks. The narrow,
sharp peaks produced by fast-GC improve the signal-to-noise ratio, thereby enhancing the
detection and quantification of trace level concentrations of compounds.

A key attribute of GC/TOF-MS is the breadth of information that this mode of
analysis yields. Because the TOF-MS simultaneously acquires all masses (i.e. it does not
sequentially scan masses), full spectral information is continuously available. Thus,
complex mixtures can be analyzed with minimal pre-treatment, reducing exposure to
sources of laboratory contamination and allowing multiple molecular species to be
monitored in a single run. Use of the Tempus in combination with SBSE and TD
enhances the biomarker information that can be gained from a single measurement.
GC/TOF-MS also offers high sensitivity. Detection limits for GC/TOF-MS systems have
been determined to be equal to or less than 2 picograms of material (Lin ez al., 2000),

providing the potential to examine trace organic species, and/or to use smaller sample

69




sizes. Additionally, the broad linear response characteristic of the Tempus allows for
quantitation of trace and abundant compounds in the same sample. All of the qualities
mentioned above lend themselves to analysis of biomarkers in ice cores, which are
expected to occur in diverse assemblages, but generally present in very low

concentrations.

Tropical Ice Cores/Study Sites

High-altitude tropical ice cores have yielded invaluable insights into variations in
low-latitude climate since the last glacial period. This information has been gleaned
through studies of oxygen isotopes, dust, and a range of other geochemical parameters
(e.g. Thompson et al., 1985; Thompson et al., 1995; Thompson et al., 1998; Thompson et
al., 2000a; Thompson et al., 2002). In South America, Asia, and other locations, these
cores have been used to generate high-resolution proxy records and describe climate
changes on a range of time scales, from glacial-interglacial and millennial to annual. As
such, the network of tropical alpine ice cores provides the opportunity to investigate
changes in tropical climate phenomena, such as El Nifio and the southern oscillation
(ENSO) and the monsoon systems, which may play a role in global climate (e.g. Wang et
al., 1999; Lau and Nath, 2001). A wealth of geochemical information is encoded these
cores, yet few efforts have been made to exploit their organic contents. In this study, I
attempt to characterize the molecular biomarkers - compounds that are attributable to a
specific organism or group of organisms - trapped in these cores, as well as other marker
compounds derived from anthropogenic activities.

Dr. Lonnie Thompson of the Byrd Polar Research Center (Ohio State University)
generously provided five post-industrial ice core samples and five pre-industrial samples,
aged about 2 ka or greater, on which to develop and test my methods. The post-industrial
samples, which for the purposes of this study will be termed “modern”, were collected
from the upper sections of the Huascardn and Sajama ice cores in the Andes, the Dasuopu
and Puruogangri cores from the Tibetan Plateau, and Mt. Kilimanjaro in Africa (see

Figure 3-1 and the table below). All of these samples were collected from below the firn
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Figure 3-1b
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Figure 3-1c
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Figure 3-1d
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layer, and were thus out of contact with the atmosphere and organic aerosols at the time
of coring. Furthermore, the ice was sampled from the center of core sections in order to
minimize entrainment of contamination resulting from drilling or storage procedures (e.g.
alcohol/water solutions that are sometimes used as a drilling lubricant for deeper core
sections; anthropogenic activities at coring stations such as generator use). The pre-
industrial samples include two Holocene samples (approximate ages 2 and 5 ka) and one
glacial sample from a Sajama ice core, as well as two Holocene samples (approximate
ages 2 and 6 ka) from a Puruogangri ice core. The purpose of analyzing both modern and
pre-industrial samples is to characterize biomarker assemblages in ice samples that have
been affected by anthropogenic (i.e. petrogenic and pollutant) organic contributions and
those that should contain purely natural biomarkers, especially those derived from

terrestrial vegetation.

Ice Core Location (Lat. Long. Samples
Elev.)
Huascaran 9°7S;77° 37T W Modern: Core 2, Tubes 63 & 64
6048 m
Sajama 18°6’ S; 68°53° W Modern; SB3, Tube 62
6542 m ~ 2 ka: Core 2, Tube 85

~ 5 ka: Core 2, Tube 95
~LGM: Core 2, Tube 119

Puruogangri 33°55’N;89°5’ E Modern: Core 1, Tube 74
6500 m ~ 2 ka: Core 2, Tube 153
~ 6 ka: Core 2, Tube 207
Dasuopu 28°23° N;85°43’ E Modern: Core 1, Tubes 52-54
7200 m
Kilimanjaro 3°5°S;37°21’E Modern: NIF Core 2, Tube 28
' 5893 m

The wide array of ice core geographic locations provides the opportunity to
examine differences in biomarker content and concentrations in areas with different
climates, vegetation, and anthropogenic influences. Airflow is easterly over the Peruvian
and Bolivian Andes and moisture is primarily delivered from the Atlantic Ocean and
Amazon Basin (Thompson ef al., 1985; Thompson et al., 1995). Vegetation on the

eastern slope of the Andes ranges from humid forest at low elevations to grasses and
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shrubs below the snowline (Hansen et al., 1984). Surface pollen samples collected near
Laguna Junin, which is in the vicinity of the Huascaran core, at elevations of 4,400 to
4,900 m consisted mostly of Gramineae (grasses) with contributions from the shrub
Ephedra, Compositae, and Alnus, which may have been transported from lower elevation
forests (Hansen et al., 1984). On the Tibetan Plateau, atmospheric circulation changes
seasonally, with the greatest moisture inputs from the South Asian Monsoon in summer
and arid conditions, along with associated dust inputs, occurring during winter when
winds are westerly (Thompson et al., 2000a). Liu et al., (1998) observe that trees are not
present near the Dunde ice cap, which is on the northern edge of the Tibetan Plateau, and
the local vegetation consists mostly of grasses, shrubs, and herbs. Ephedra pollen was
observed in modern sections of the Dunde core and other dominant inputs were from
Artemisia and Chenopodiaceae. Artemisia, which is characteristic of steppe vegetation,
appeared to increase during periods of greater monsoon strength (Liu et al., 1998).
Climate monitoring at the Northern Ice Field on Mt. Kilimanjaro showed that winds there
are predominantly east-southeasterly (Thompson et al., 2002). Coastal Tanzanian
vegetation upwind of Mt. Kilimanjaro includes many different species of Gramineae and
trees (Muzuka, 1999).

Climate characteristics and variability may influence the biomarker pattei‘ns
observed in the modern and pre-industrial ice core samples. Currently, the more
northerly Huascardn ice core site receives greater moisture and lower dust inputs than the
Sajama ice cap to the south, but the ice core paleoclimate records from these cores
indicate that these conditions were reversed during the last glacial maximum (e.g.
Thompson et al., 2000b). These widespread glacial/interglacial climate changes are
associated with changes in the extent and type of terrestrial vegetation in South America
(Hansen et al., 1984; Hughen et al., 2004; Makou et al., in review). Changes in ice
accumulation rate would affect biomarker concentrations, and biomarker assemblages
would be expected to change with changing proximity and type of vegetation.
Additionally, changes in aridity would presumably affect delivery of biomarkers that are

generated or liberated by biomass burning through, for example, facilitating or
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suppressing occurrences of forest fires. Pollen studies from the Junin area of the
Peruvian Andes (11°S) suggest a reduction in eastern forests during the last glacial period
and an expansion of grasses and shrubs (Hansen ez al., 1984). Similarly, reduced NO;
concentrations observed in the last glacial section of the Huascardn ice core may imply
decreased vegetation, assuming that nitrogen species as aerosols in this region are
primarily derived from tropical forests (Thompson et al., 1995). On the Tibetan Plateau,
modern ice from the Dasuopu core, which is positioned farther south than Puruogangri
(Figure 3-1c), is expected to receive greater inputs of anthropogenic pollutants due to its
proximity to the Indian Subcontinent. Changes in pollen assemblages just after 5 ka in
the Dunde ice core suggest an increase in aridity, likely associated with a decrease in
monsoon strength, and reduction in steppe vegetation from the early to the late Holocene
(Liu et al., 1998). Such changes may also be observable as varying biomarker
assemblages and concentrations. However, pollen records may differ slightly from those
of vascular plant leaf waxes depending on the response of vegetation to environmental
stimuli. Even though both substances are transported by wind and are subject to
variability in atmospheric circulation, pollen is a measure of the reproductive activities of
a plant community, while leaf wax production should be primarily a function of total leaf

area (i.e. extent and/or density of vegetation).

Previous Investigations of Biomarkers in Ice

Several previous studies have confirmed the presence of molecular biomarkers in
snow and ice, however large volumes of ice were typically required for these analyses.
Kawamura et al. (1996) performed solvent extractions and lipid analyses (via GC and
GC/MS) on Greenland ice core samples from the 16™ century to the present, and
measured total n-alkanoic acid (fatty acid) concentrations of up to 105 ng/g-ice for the
C,,-C;, homologues, although melt water samples of about 350 ml were required. For
PAHs, kilogram quantities of ice or snow have typically been required for conventional
analysis (Peters et al., 1995; Masclet et al., 2000). Currie ef al. (1998) measured

concentrations of individual PAHs on as little as 120 g of contemporary Greenland snow
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using a combination of supercritical fluid extraction directly coupled to gas
chromatography/mass spectrometry (GC/MS) with the quadrupole mass analyzer
operating in selected ion monitoring (SIM) mode. While this approach is fairly sensitive,
it negates the analysis of other molecular species and also involves analytical steps (e.g.
filtration) that may entrain contaminants. Xie et al. (2000) identified anthropogenié and
vascular plant derived compounds such as n-alkanes, n-alkanoic acids, and n-alkan-2-
ones in a Dasuopu snow pit sample. Their analytical approach, which involved
adsorption of organic matter onto a solid phase and subsequent solvent extraction,
required sample volumes greater than 20 liters; quantities that are incompatible with
down-core ice studies.

The existence of vascular plant material that is observable to the naked eye or
through microscopy in alpine ice cores also portends the presence of molecular
biomarkers that are derived from the same source and similarly undergo aeolian
deposition. Thompson ef al. (1998) observed bark fragments and other plant material in
the Sajama ice core as far back in time as the last glacial period. Liu ez al. (1998)
investigated pollen assemblages in the Holocene section of the Dunde ice cap core from
the Qinghai-Tibetan Plateau, demonstrating centennial-scale variability in local
vegetation and, by inference, regional moisture balance and temperature. Although
pollen studies such as this provide specific information about source vegetation, mean ice

sample volumes of over 400 ml were required.

Analytical Procedure
All samples were transported from the Byrd Polar Research Center to the Woods
Hole Oceanographic Institution in cleaned and combusted glass jars and were kept at or
below freezing temperatures by shipping in a cooler with ice packs. Upon receipt, the
samples were transferred immediately to a -20°C freezer where they were stored frozen
until analyzed. However, it was apparent that some of the samples partially (~25%)
melted and refroze before arrival. Modern samples from individual sites, which were

greater in volume than down-core samples, were homogenized and then split into
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samples of different volumes for separate analysis. To accomplish this, solvent-rinsed
metal tools were used to chip the ice and transfer it to pre-washed and HCI- and solvent-
rinsed 1 L Teflon bottles, which were then capped and the ice was allowed to melt
completely at room temperature. Teflon bottles were chosen for their inertness in an
effort to reduce the adhesion of polar species to vessel walls. For each post—indusfrial
sample, 10, 20 and 30 ml aliquots of melted ice were measured in a graduated cylinder
and then decanted into separate pre-cleaned 40 ml glass vials for SBSE. In addition, a 10
ml sample from Sajama and a 20 ml sample from Kilimanjaro were run in duplicate.
When decanting, care was taken to avoid entraining coarse particulate matter that had
settled in the bottom of the Teflon bottles because organic matter associated with this
material could not be recovered via SBSE. All of the samples contained at least minor
amounts of visible solid material, although considerably more light and dark grains were
observed in the Sajama post-industrial sample than in the others. The pre-industrial ice
core samples were transferred directly to 40 ml vials while still frozen. After melting,
their volumes were estimated by comparison with known volumes of laboratory water in
a separate 40 ml vial. Blanks were created using purified (Milli-Q) water and were
subjected to the same sample processing as the melted ice. One blank consisted of frozen
Milli-Q water that was shipped along with the samples in order to assess contamination
entrained during shipping and sub-sampling.

To improve SBSE recoveries, especially of polar compounds, methanol and HCI
were added to each sample. An analysis of fatty acid (Cj-C,,; even chain lengths)
standards in solutions of varying methanol concentrations indicated that optimal SBSE
recoveries occurred at about 25% CH;OH (see Appendix B). Pfannkoch ez al. (2003)
demonstrated that a pH range of 3-5 was appropriate for extraction of several fatty acids
of chain length C; or less. Based on the results of this study and testing of fatty acid
recoveries at different pH levels, a dilute HCI/Milli-Q H,O solution was added dropwise
to each sample until a pH of 3-4 was obtained. The pH of at least one sample from each

ice core site was verified with pH paper.
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While the measures described above improve stir bar recovery of polar and
hydrophobic compounds, discrimination against longer-chain fatty acids was observed
during thermal desorption of standards dried in TD tubes. Even at very high
concentrations (~0.4 pug on column), chain lengths greater than C,, were not quantifiable.
However, when the same standard was transesterified and run under similar conditions,
the longest chain lengths (up to G;;) were readily observed as sharp chromatographic
peaks. These results demonstrate that discrimination against large polar molecules is
problematic for TD. Future analysis of compounds such as long-chain fatty acids and
alcohols will necessarily involve a derivatization procedure.

Following methanol and HCI addition, one 10 mm Gerstel Twister stir bar was
added to each sample, and the vials were capped. Before use, all stir bars were
conditioned at 300°C under a He flow (100 ml/min) for 2 hours to remove any
compounds retained from previous uses. All sample vials were placed on a Gerstel
multi-position stir plate and the stir bars were rotated at 750 rpm overnight at room
temperature. All samples were stirred for at least 10 hours, which is more than sufficient
for achieving maximal extraction (Popp et al., 2001; Montero et al., 2004). Results from
a test in which the same ice core samples were extracted via SBSE twice sequentially
demonstrated that almost all of the extractable organic matter in a sample is removed
after one SBSE treatment. After removal from the stir plate, the stir bars were removed
from their sample vials with clean forceps, shaken dry or nearly dry, and placed in clean
glass desorption tubes (4 mm inside diameter, 178 mm long). All tubes were loaded onto
a 20 position Gerstel TDSA autosampler, which inserted them sequentially into the TDS

2 thermal desorption device.

All analyses were performed using the Gerstel TDS 2 ThermoDesorption System,
which was mounted on a TRACE GC (Thermo Electron Corp.) coupled with a Tempus
TOF-MS (Thermo Electron Corp.). A Gerstel CIS3 GC inlet with cryo-cooling and a
baffled glass liner, and an Agilent DB5-MS column (20 m length, 0.18 mm i.d., 0.18 um

film thickness) were used. The run conditions were as follows:
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Tempus TOF-MS
* 10 spectra/second acquisition rate
*  50-650 amu mass range
TRACE GC
* Temperature program: 40°C initial temperature (held 1.0 minutes), increased
30°C/minute to final temperature of 320°C (held 5.0 minutes)
DS 2
* Splitless flow; Desorption flow = 50 ml/min
* He carrier gas
* Transfer line temperature = 325°C
* Desorption temperature program: 30°C initial temperature (held 0.10 minutes),
increased 60°C/minute to final temperature of 300°C (held 4.0 minutes)
CIS3
* Solvent venting. 1.0 minutes splitless time at beginning of GC run
* Temperature program: -80°C initial temperature (held 0.10 minutes), increased
12°C/second to final temperature of 320°C (held 4.0 minutes)

All chromatographic peak areas were manually integréted for quantification using
Xcalibur® software, and spectra of individual compounds were compared to the
NIST/EPA/NIH Mass Spectral Library.

A number of TDS and GC inlet operational parameters can be adjusted to
improve desorption efficiency and chromatography. Tests of standards recovered via
SBSE and also directly placed onto desorption tube surfaces were performed in order to
reveal the optimal run conditions for analyzing trace-level compounds in melted ice. A
desorption flow rate of 50 ml/min (He) was selected to ensure complete desorption (pers.
comm. E. Pfannkoch; full desorption may not be achieved at rates <40 ml/min), although
other flow rates were also tested. Increasing the flow rate to as high as 75 ml/min did not
improve response, and this elevated rate was not used due to concerns about
discriminating against relatively volatile compounds. Increasing the transfer line
temperature to 350° was likewise not found to increase instrumental response. A wide
range of final desorption temperatures and CIS3 inlet cryo-trapping initial temperatures
were tested before choosing 300° and —80°C, respectively, in order to optimize the
response for anticipated compounds such as fatty acids and PAHs. Optimal temperatures
may vary slightly depending on the analytes of interest. The TDS was operated in

splitless mode to promote complete transfer of desorbed compounds to the CIS3 inlet,
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which was operated in solvent venting mode. It is not desirable to operate the CIS3 inlet
entirely in splitless mode, because this will severely restrict desorption flow. The CIS3
inlet was splitless for one minute during rapid temperature ramping to promote complete
transfer of analytes to the GC column. It is possible to increase this splitless time and
thus analyte response, although doing so is undesirable because greater amounts of stir
bar bleed would impact the chromatograms.

Modern ice core samples were run as at least three different volumes; 10, 20, and
30 ml. For some samples, duplicates were prepared and analyzed, as well. Pre-industrial
ice samples were run only once due to small volumes of available sample material.
Standards of n-alkanes (C,,-C,,, C,,, and C,,), fatty acids (C,;s-C,, even chain lengths, C,,
and C,,), and PAHs (2-6 rings) were prepared in solutions of Milli-Q H,0, 25%
methanol, and sufficient HCI to bring pH to 3-4, in order to mimic sample conditions (see
Appendix B). The standards were then processed and analyzed in the same manner as the
ice samples. The n-alkanes, fatty acids, and PAHs in the samples were quantified by
comparison with these external standards. All other compounds, which were identified
using the mass spectral library search and spectra in literature, were quantified by
comparison with the standards mentioned above. Because authentic standards were not
created for these compounds and individual response factors were not determined, their
concentrations are only estimates. Nevertheless, relative concentrations of these analytes

within the same compound class are relevant between samples.

Results and Discussion
Bulk Particulate Matter Characteristics
Many of the samples contained visible dust particles, which were most apparent
in the larger volume modern samples. In the post-industrial samples, the solid matter was
often dark in color, especially so in Sajama ice. Dark flecks were readily visible without
magnification in the Sajama modern ice while it was still frozen. Magnified transmitted
light images of a fraction of the solid material in the modern Sajama sample are presented

in Figure 3-2. A wide range of sizes and types of solid material are present in this
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Figure 3-2a
Image of Sajama Particulate Matter

Transmitted light microscopy images. (a) Several types of particulate matter occur in the
Sajama ice core sample. The light colored objects are mineral grains and the two dark
colored particles in the center of the image are most likely inert organic matter. (b) The
elongated, dark colored particle near the center of the image appears to be a vascular
plant fragment. (c) The shading of this object implies that it is a mineral grain with
bound organic matter.
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Figure 3-2b
Image of Sajama Particulate Matter
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Figure 3-2¢
Image of Sajama Particulate Matter
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sample. Panel (a) depicts several large and many smaller mineral grains, as well as two
distinct organic particles (sizes 8 and 35 wm), which, given their low light transmissivity,
are likely to be macromolecular and recalcitrant. The 7 pm-long particle shown in panel
(b) appears to be a woody plant fragment and the 10 um-wide particle in the center of
panel (c) appears to be a mineral grain with a darker coating of organic matter bouﬁd to
it. The microscope investigation demonstrates that there are several types of particulate
inorganic and organic material in the post-industrial Sajama ice core sample. They are
most likely derived from a variety of sources such as fresh vegetation, anthropogenic
activities, and proximal arid environments.

The presence of mineral grains in the ice samples presents a problem for
successful extraction of organic matter via SBSE because some analytes could be tightly
sorbed onto or associated with the solid material, reducing recovery by the Twister stir
bar. To lessen this effect, the homogenized modern samples were decanted slowly into
individual sample vials so as to minimize the amount of solid material entrained. Thus,
organic matter occurring as inert, macro-molecular solids in the ice was not likely
recovered or analyzed in this study via SBSE. Due to the small volumes of melted ice
that were extracted, the pre-industrial ice samples analyzed were not expected to contain
large amounts of mineral matter, nor was much observed.

A radiocarbon analysis was performed on the organic fraction of the particulate
matter recovered by filtration from each modern ice sample in order to determine its age,
which can be used to infer whether it consists of fresh or petrogenic material. Mineral
and organic particulate material was collected from the five post-industrial melted ice
core samples onto glass fiber filters, which were then combusted and the CO, gas
collected for analysis. The ice core particulates in each sample, which were filtered from
approximately 300 ml of melted ice, were visible and dark on the filters. The table below
lists the amount of carbon evolved from each particulate sample and the results of the

isotopic investigations:
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Sample pg Carbon Age Age Error  Fraction 8°C

(post-industrial) (in ~300 ml (yr BP) (= yr BP) Modern (%o0)
melted ice)
Huascardn 32.0 2,200 240 0.76 -20.8
Sajama 272 7,140 210 041
Kilimanjaro 249 880 150 0.90
Dasuopu 2.0 '
Puruogangri 15.5 -24.8

An error during sample preparation likely resulted in the low CO, recovery observed for
the Dasuopu sample. Because about 25 pg of carbon is required for radiocarbon
determination by accelerator mass spectrometry (AMS), only the Huascardn, Sajama, and
Kilimanjaro samples were analyzed for “C. Sample abundances also permitted 8°C
determination for the Huascardn and Puruogangri samples. All radiocarbon and carbon
isotopic measurements described above were performed at the NOSAMS facility at the
Woods Hole Oceanographic Institution.

The results of the radiocarbon investigation clearly demonstrate that a portion of
the organic matter delivered to these cores in association with particulate matter consists
of aged material, although whether this older fraction resulted from fossil fuel burning or
weathering of soils and sediments is uncertain. The measured 8"C values are consistent
with a wide range of sources, including vascular plant material, and are thus not
deterministic in terms of source apportionment. The South American samples appear to
contain a larger fraction of aged organic matter than the Kilimanjaro sample, perhaps
because Mt. Kilimanjaro receives greater total inputs of fresh organic matter or because it
is not situated in an area that receives significant inputs from anthropogenic activity. The
Andean samples both contain substantial amounts of aged carbon, but Sajama contains a
much greater fraction than Huascardn. Both cores are down-wind of the Amazon Basin,
which is impacted by anthropogenic activity and thus represents a possible source of
petrogenic dead carbon. However, the more arid conditions characteristic of the Sajama
setting are expected to promote weathering of dessicated soils and sediments that may
represent a source of pre-aged organic matter to the ice field. The substantial dust supply
to the present Sajama site may thus represent an efficient delivery mechanism of natural
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aged carbon. The radiocarbon data are consistent with an interpretation of the visible
black particulate matter observed in the modern Sajama ice as combusted fossil organic
matter.

In summary, the radiocarbon data suggest that the composition of the particulate
organic matter delivered to the post-industrial sections of ice cores is highly variable
between sites, even those within the same mountain range. Thus, interpretations of
biomarker information from this time period should be made with caution. Furthermore,
although pre-industrial sections of cores are not expected to contain inputs associated
with fossil fuel burning, the vegetation signal they contain may be biased by inputs from
weathered soils and sediments. The results from the radiocarbon analyses are only
pertinent to the filterable particulate material, which is generally not recoverable via
SBSE and thus cannot be directly compared to the results of the present investigation.
Currently, the distribution of organic matter in ice between particulate (both purely
organic and mineral associated), colloidal, and dissolved phases is poorly understood.
Much of the organic matter is expected to have been deposited in particulate or colloidal
form, especially compounds that are associated with biomass burning and smoke, but
may have subsequently dissolved. A portion of the suspended particulate and colloidal
organic matter likely adsorbs to the stir bar, although the extent of this process is also
uncertain. The radiocarbon results underscore the benefits of the biomarker approach,
which aims to isolate compounds with specific sources for use as interpretive tools.
However, detailed investigation of the biomarker content of particulate versus dissolved
organic matter in these cores will be necessary before down-core records can be robustly

interpreted.

Blank-Level Contamination

A number of the compounds investigated in this study were also detected in the
blanks (concentrations are reported in Table 3-1). All blanks were created from Milli-Q
H,O and were subjected to the same laboratory procedures as the samples (i.e. methanol

and HCI addition, followed by SBSE). Biomarker concentrations from two different
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Table 3-1
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) C,, n-alkane C,, n-alkane C,; n-alkane C,;n-alkane C,s;n-alkane
Sajama Modern - 263.1 858.7 2,730.5 4,739.1 5,212.6

2,337.7
e

200

jama

£ ern
Dasuopu Modern
7L T AP hpphs

B

0.8 : £49 T 9,836:2
H0 bl 10 88.9 176.6 530.2 600.7 531.5

Notes:

With the exceptions of n -alkane CPI and C,,, and Fluoranthene/Pyrene, all reported biomarker values are in pg/mil.
ND = Not Detected

!Duplicate

2Two 20 ml samples analyzed together

3Milli-Q H,0 (ice) blank shipped with samples

“Milli-Q H,0 (2q) laboratory blank

Biomarker concentrations (pg/ml) for each sample and blank. Also listed are the
n -alkane CPI and fluoranthene/pyrene ratio.
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) C,¢ n-alkane C,; n-alkane C,g n-alkane C., n-alkane Cy, n-alkane

Sajama Modern

Dasuopu Modern

SRS

Saama2k e

Batama

S:ja _an']a Las; Glacial

Puryogangri 6 ka

0 Biank
H,0 blank®
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (m!) C,, n-alkane Cs, n-alkane C;; n-alkane Cg, n-alkane Total n-alkanes
Sajama Moﬂdeﬁrn e 182.0 100.1 i 27,893.4

AU

diama.Moders
ngama Modern ! 15,29;.2
Sajama Modersy 2. ; 17
Sajama Modernzl 40 ~350.0 1639 83.7 60.7 13,059.2

Huascaran Mod-ern 20 302.0 169.8 129,2 75.4 10,530.5

dang e / TSRl LA
Puruogangri Modern 30 83.8 69.5 31.8 17.0 2,710.4
7 ) ot

Kilimanjaro Modern
[ifimansaro Modern
Kilimanjaro Modern!
: aro Modern’,
Sajama 2 ka

L

s

Sajama Last Glacial

fu

Puruogangriw6 ka

HZ0 blanik?
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) n-alkane CPI p-alkane C,., C,, Fatty Acid C,; Fatty Acid C,, Fatty Acid
Sajama Modern 10 1.03 25 526.9 95.2 686.5

Sajama Modern 20 0.99 25 338.4 81.0 588.9

Sajama Modern 40 0.95 25 385.4 50.3 642.1

4"/ :A‘h

W&!OQ?!D 22

Puruogangrl Modern
R

b Moder:

Dasuopu Modernw

it

Kihmanjaro Modern

Sajama Last Glacia

ﬁwﬁ%”ﬁ"’%%ﬁ

H,0 blank®
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) C,; Fatty Acid C,q Fatty Acid C,g Fatty Acid C,g., Fatty Acid C,, Alkyl Amide
Sajama Modern
o gk o4

Sggam
ajama Modem

Eyruogangri Modern

H,0 blank®
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) C,q., Alkyl Amide €y Alkyl Amide C,,.; Alkyl Amide C,; Alkyl Amide

Sajama Mo

Puruo angrl 6 ka
-

% T
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) C,p.; Alkyl Amide C,,.; Alkyl Amide C,q.; Alkyl Nitrile C,s Alkyl Nitrile
Sajama Modern 10 42.4 1,827.4 6.2 14,2
e R e : ;

imla Modern::
SaJama Modern

H,0 blank?* 10 ND ND ND 18.2
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) C,;., Alkyl Nitrile C,,., Alkyl Nitrile N,N-dimethyloctanamide
Sajama 10 113 138.5 233

der|

Sajama Modern 20 71.0 30.6 ) 132.7

ajama Last Glaclal
A

A i
ﬁs iGangri 2. ¢a
Puruogangrl 6 ka
20 Blani
H,0 blank*

96



Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) Fluoranthene Pyrene Fluoranthene/Pyrene Dehydroabietane
8.8

G e 2

Huascaran Modern

Uascaran. Modern.,
Puruogang{; Modern

) 2} aern;
Dasuopu Modern

g r g
Puruogan
o

H,0 blank? 10 0.4 1.0 0.4 ND
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Table 3-1 (cont)
Ice Core Biomarker Concentrations (pg/ml)

Ice Core Sample Volume (ml) Tremetone Sugiol Dehydroabietic aldehyde
Sajama Modern 10 139.9 ND 0.9

K:hmanJaro Modern
YL

Ilimaniare: Modary

thmanjaro Modern

H20 blank®

98




types of blanks are listed in Table 3-1. One was frozen in a sample jar and shipped with
the ice samples in the cooler, after which it was sub-sampled as ice and analyzed along
with the ice core samples. This blank should most accurately reflect contamination
imparted to the samples during the entire sampling and analytical process. The other
blank was never frozen, but was processed in the same manner as the samples were after
they had melted, thus reflecting contamination strictly associated with the extraction
methods. An important difference between the blanks and the samples is that the blanks
were created from Milli-Q water, which the samples did not contain or ever come in
contact with. Thus, the blanks may contain systematic contamination that is unique to
laboratory water and is not present in melted ice. The water used to create them was
decanted directly from a Milli-Q purification system and was not further distilled or
solvent-extracted.

Blank contamination was most problematic for the n-alkanes, for which the total
concentration (C,;-C;,) in the frozen blank (459 ng/ml) was more than an order of
magnitude greater than that of the sample with the next highest concentration (28 ng/ml;
modern Sajama, 10 ml) and 62 times greater than the average value of all of the ice core
samples. Given the poor solubility of n-alkanes in water, it is likely that the high blank
values arose from entrainment of colloidal material, either on the stir bar surface or
otherwise. Despite the trends that are observed in the n-alkane data from the modern ice
core samples, the signal is well overridden by significant blank contamination for these
compounds. It is not understood why the frozen blank contains such exceedingly high
concentrations of n-alkanes, and although it casts doubt on all of the sample results for
this compound class, it is not considered representative of typical levels of contamination.
Total n-alkane concentrations in the laboratory blank, although lower, are still large
enough to surpass the concentrations in most of the modern Asian and African samples
and are less than an order of magnitude lower than those in the South American samples.
The transported blank and the laboratory blank n-alkanes both exhibited a carbon
preference index (CPI) of 1.1 and had a maximum response at chain lengths of 27 and 24,

respectively, which are within the ranges obtained for the ice core samples. Many of the
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ice core samples with elevated n-alkane concentrations exhibited CPI values close to
those of the blanks, suggesting that contamination may be present, but also that
deviations from a CPI of 1.0 — 1.1 in other samples may reflect true depositional inputs.
The presence of overwhelming n-alkane blank contamination precludes detailed
interpretation of sample results even though they are often consistent with known climate
and geographical characteristics.

Blank contamination affected several of the other compound classes, but not to
the same extent as the n-alkanes. For example, the concentration of the C,, fatty acid in
the frozen blank (6.7 ng/ml) was greater than any of the measured sample values, and
blank concentrations were within an order of magnitude of mean measured sample values
for the C,,-C¢ fatty acids. Alternatively, the C,;, C,g, and C,g, fatty acids were not
impacted by excessive or problematic blank contamination. Of the alkyl amides, the
shorter chain homologues (C,,, Cyq.;, C,¢) exhibited the greatest blank contamination, but
little or none was present for the longer chains. The C,¢ and C,g,; alkyl nitrile results were
compromised by blank contamination, but none was present for the Cy4, or Cy,;
homologues, nor for N,N-dimethyloctanamide. The blank contamination observed for
the amides and nitriles does not impact results from the Mt. Kilimanjaro core (and often
for the Puruogangri 6 ka sample), for which measured concentrations were generally very
high. Blank concentrations of the PAHs fluoranthene and pyrene were always greater
than or within an order of magnitude of measured sample values. Of the PAH sample
results, only the modern Sajama and Kilimanjaro sample values for pyrene were well
above blank level. Although the trends in PAH abundance are often consistent with
known climate conditions, the presence of large PAH concentrations in the blanks
precludes detailed interpretation of the results. Other biomass burning marker
compounds, such as the diterpenoids, were detected in the ice core samples but were not
observed in the blanks, distinguishing them as the biomarkers of greatest utility in this
study.

Several of the compounds detected in the blanks are typical laboratory

contaminants, such as n-alkanes and fatty acids. However, the presence of less common
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contaminants such as the PAHs and several of the alkyl amides and nitriles suggests that
some of the blank contamination may be due to sample carry over, most likely within the
TDS, but possibly in the stir bars themselves. The TDS consists of a desorption chamber
and a transfer line leading into the GC inlet, thus providing several surfaces on which
compounds could collect and potentially carry over. Fatty acid, alkyl amide, and nitrile
blank contaminants were generally biased towards the shorter chain length homologues,
suggesting that lower-volatility compounds may be most readily entrained in subsequent
samples. However, an assessment of stir bar carry over using standards revealed that the
second analysis by TDS + GC/TOF-MS of a used stir bar produced a chromatogram

typical of a conditioned, blank stir bar, thus suggesting that carry over is not problematic.

Biomarkers in Post-Industrial Samples

Post-industrial samples from five locations were examined to determine the nature
of biomarker assemblages present at different locations around the tropics and sub-
tropics, and to identify sites for which vascular plant and combustion biomarkers might
prove useful for paleoclimate analysis. Several homologous biomarker series were
present in these samples, including n-alkanes, n-alkanoic acids, and n-alkyl amides and
nitriles, as well as a range of biomass burning marker compounds including PAHs and
diterpenoids (see Table 3-1).

Alkyl Amides and Nitriles Alky! amides (II; Figure 3-3) and nitriles (1II) were
major thermal desorption products of the organic matter in the modern ice core samples
(see Table 3-1). C,,, C,s, and C,4 alkyl amides were identified in almost all of the modern
ice samples, as were the nﬁono—unsaturated amides Ciq., Cig.1, Cyo.q, and Cpyy. Cie, Ciggs
Cl&,, and C,,, alkyl nitriles were also positively identified in almost all of the modern ice
core samples. The presence of the labile unsaturated amides and nitriles implies a high
preservation potential for lipids in glacial ice. Although the samples contained a similar
suite of alkyl amide and nitrile homologues, the distribution of these compounds varied
with geographic location (see Figure 3-4). For both compound classes, C,g; and C,,,

were the most abundant homologues, although the C,g,/C,,, ratio varied. The C,g, and
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Figure 3-3
Molecule Structures
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n-alkane n-alkyl amide n-alkyl nitrile
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N,N-dimethyloctanamide fatty acid fluoranthene
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pyrene dehydroabietane

tremetone

Structures of organic molecules discussed in the text.
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Figure 3-4
Alkyl Amide Concentrations in Modern Ice Core Samples
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Alkyl amide distributions in the modern ice core samples (average concentrations in
pg/ml). '
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C,,., amides and the C,,,, nitrile were not strongly affected by blank contamination issues,
but a relatively elevated blank level for the C,q., nitrile impacts interpretation of
abundances of this compound for all modern samples except Kilimanjaro. For amides,
the maximum C,4,/C,,, ratio, expressed as the mean concentrations in the samples from a
given location, occurred in the Kilimanjaro sample (7.83), while the South American
modern ice samples had ratios slightly greater than 1 (1.37 and 1.60) and the two Asian
samples exhibited values of only 0.49 and 0.66. A similar pattern was observed for the
nitriles, with the exception of the modern Huascardn sample, which had a C,g,/C,,, ratio
of less than 1 (0.87). Figure 3-5, which includes cross plots of alkyl amide and nitrile
C,s, and C,,, concentrations, illustrates the unique distribution in the Kilimanjaro
sample. Mean concentrations of amides were greatest in Kilimanjaro ice, for which Cg,
was present at an estimated 9.8 ng/ml. Mean concentrations of all amides measured in
Sajama ice were 1.7 to 5.5 times greater than in Huascaran, and amides were similarly
enriched in Puruogangri ice compared to Dasuopu. Alkyl nitrile concentrations were
lower and more consistent between sites than the amides, although the maximum
concentrations of nitriles also occurred in the Kilimanjaro samples. The elevated
concentrations of alkyl amides and nitriles in Kilimanjaro and Sajama ice compared to
other cores could be due to low overall ice accumulation rates or enhanced flux. Reduced
ice accumulation rates would effectively enrich compounds in samples of constant
volume, whereas increased accumulation would have a diluting effect.
With the exception of the Huascardn samples, for which relative abundances of
'Cl&1 and C,,,, are different for alkyl amides and nitriles, the distributions of these two
homologous series are similar in the modern ice samples, implying a common source (see
Figure 3-6). Simoneit et al. (2003) observed nearly the same suite of amide and nitrile
homologues in urban aerosol samples from Santiago, Chile as were identified in this
study, and produced an amide and nitrile under laboratory conditions by hydrous
pyrolysis of an alkanoic acid in the presence of ammonium bicarbonate. The authors
suggested a reaction scheme whereby alkanoic acids, when combusted in the presence of

ammonia, are converted to amides of similar chain length and then to nitriles upon further
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Figure 3-5a
Ice Core [C,q.,] versus [C,,.;]Alkyl Amides
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Plots of Cjg, versus C,,, homologue average concentrations (pg/ml) for alkyl (a) amides
and (b) nitriles. Only the modern and Puruogangri 6 ka samples are depicted because the
other samples did not contain appreciable amounts of these compounds.
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Figure 3-6
Alkyl Nitrile Concentrations in Modern Ice Core Samples
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Alkyl nitrile distributions in the modern ice core samples (average concentrations in
pg/ml).
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combustion. Methyl alkamides of shorter chain lengths are also considered to be
combustion byproducts in this process (Simoneit ez al., 2003). Interestingly, N,N-
dimethyloctanamide (IV), which is a C,, methyl alkamide, was identified in the modern
ice samples from Sajama, Dasuopu, and Kilimanjaro, which exhibited a maximum
concentration of 358.8 pg/ml. Given that the alkyl amides and nitriles may form by
combustion of alkanoic acids in the presence of ammonia, two likely sources of these
compounds in modern aerosols are biomass burning and cooking (Simoneit et al., 2003).
The amides and nitriles observed in the modern ice samples could have arisen from either
of these sources. Alkyl amides and nitriles in Santiago aerosol samples that Simoneit ez
al. (2003) attributed to food preparation exhibited a great amount of the C,,; homologue
compared to Cyq,, which was not the case for any of the ice core samples. However, no
long-chain (>C,,) amides or nitriles were observed in the ice samples, which would have
provided more conclusive evidence for a combusted plant source. The long-chain
compounds may not have been detected because they were absent from the samples or
because they experience discrimination during TD, as do the fatty acids. Homologous
series of alkyl amide and nitrile standards were not analyzed as part of this study; but
would provide information about response factors for these compounds and whether or
not they could have been detected using the current methodology.

Samples from each continent have their own consistent distributions of alkyl
amides and nitriles, with South American samples exhibiting greater concentrations of
the C,g, amide than C,,.,, Asian samples demonstrating the opposite pattern, and amides
in Kilimanjaro ice that are dominated by C,s,,. Figure 3-7, which plots alkyl amide and
nitrile C,g,/C,,,, ratios against each other, demonstrates the differences in distribution at
each site. With the exception of Huascardn, modern samples from different regions occur
in different areas of the plot. Such specificity for each mountain range or mountain
implies that ice in each location is receiving biomarker inputs from within its broad
geographical setting, but not from other locations around the tropics. Variations in amide
and nitrile distribution may arise from differences in the nature of combusted biomass or

food preparation. Simoneit et al. (2003) only found high concentrations of these
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Figure 3-7
Ice Core Alkyl Amide C,4.,/C,,., versus Nitrile C,q.,/C,,.,
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Plot of the C,4,/C,,., homologue ratio (calculated from average concentrations) for alkyl
amides versus nitriles. Only the modern and Puruogangri 6 ka samples are depicted
because the other samples did not contain appreciable amounts of these compounds.

109




compounds in aerosols at one sampling location in Santiago and not others, leading them
to hypothesize that they came from a nearby source and were not dispersed throughout
the city’s air. Given the remote locations of the South American and Asian ice cores,
food was not likely prepared immediately near to where the cores were collected except
at the time of collection, during which time the ice I investigated was not in contact with
the atmosphere. Additionally, the samples received only brief exposure to air in the
laboratory during sample transfers and were stored in capped bottles or vials at all other
times. These assumptions imply that combusted plant matter is the source of the amides,
nitriles, and N,N-dimethyloctanamide in the modemn ice samples. If so, a potential
hypothesis to explain the different compound distributions between continents is that
different types of vegetation burned upwind of the various ice core sites. For example,
the South American cores may contain combusted plant material from Amazonian forest
or higher-elevation evergreens, whereas Kilimanjaro would be expected to receive strong
inputs of grassland biomarkers.

Fatty Acids Short-chain (<C,g) fatty acids (V) were identified consistently in the
modern ice core samples from Sajama, and in some of the other post-industrial samples,
as well. C,,~C,,, as well as C,z and C,g, fatty acids, were measured in Sajama samples
(see Table 3-1). While no fatty acids were detected in samples from Huascardn, samples
from both Asian sites were found to contain C,,, C,,, and C, fatty acids, and one
Kilimanjaro sample contained the C,, and C,, homologues (see Figure 3-8). Odd carbon
number fatty acids were only detected in the Sajama samples. An average CPI (C;-C,;
in this case CPI was calculated as X,,.,/2_,, chain lengths) of 10.2 was calculated for these
samples. These chain lengths and distributions are consistent with either a vascular plant
leaf wax source or algal and bacterial sources. Detection of long-chain fatty acids would
provide better evidence for a leaf wax source, but despite efforts to improve the
efficiency of recovery and analysis of polar compounds using SBSE and TD, severe
discrimination against fatty acids >C g occurred during TD, as evidenced by repeated
analysis of fatty acid standards (see Appendix B). Derivatization of fatty acids is difficult

to achieve in aqueous solutions. An in situ ethylation was attempted with ice core
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Figure 3-8
Ice Core Fatty Acid Concentrations, Modern Samples
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samples using ethyl chloroformate as a derivatization agent (Husek, 1993), however the
results obtained with standards and samples were not sufficiently different from the
process blank results to warrant interpretation or further use of this method. Additional
refinements to this or other derivatization methodologies may render the technique useful
in future studies.

Fatty acids may not have been detected in Huascardn samples due to dilution
resulting from elevated accumulation rates. In the Dasuopu and Kilimanjaro samples, the
fatty acids were only detected in the largest sample splits (30 ml) due to their low
ambient concentrations. Fatty acids were detected in all modern Puruogangri samples,
but the largest sample produced the greatest response in this case, as well. As was the
case for the alkyl amides and nitriles, the Sajama sample exhibited the greater
concentration of fatty acids in the Andean cores studied, and Puruogangri recorded the
greater concentration of the two Asian cores.

Because all organic matter trapped in alpine ice is deposited by purely aeolian
processes (small fragments of wood were even observed by microscope in the modern
Sajama sample), leaf waxes are a likely source for the fatty acids. However, short-chain
fatty acids are nearly ubiquitous in the environment, largely due to production by algae
and bacteria. These compounds were not observed in the Huascarén ice core samples,
demonstrating that if there are algal or bacterial sources, they do not affect all sites. Fatty
acids of the chain lengths observed, like the alkyl amides and nitriles, are also produced
during food preparation with seed oils (Simoneit et al., 2003). However, cooking oils are
not a likely source for the fatty acids observed in the ice due to lack of local food
preparation and consumption, and because of inconsistencies between concentrations of
amides and fatty acids. For example, the greatest amide concentrations were observed in
the Kilimanjaro samples, which contain relatively low concentrations of fatty acids and
no C,¢ or C,s homologues. The C,q, fatty acid was also detected in Sajama samples at
concentrations of up to 2.6 ng/ml, but was not found in any other sample or blank. This
compound, which is more labile than its saturated counterpart, is interpreted to be

indicative of recent plant or algal biogenesis (Stephanou and Stratigakis, 1993; Abas et
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al., 2004) and demonstrates the high preservation potential of lipids in glacial ice. The
C,s, fatty acid, which occurs in the Sajama sample in concentrations roughly similar to
C;s» was not likely to have undergone aeolian transport over great distances or
experienced long residence times in soil, as it would have been highly susceptible to
oxidative degradation. The presence of this compound is consistent with a local |
vegetation biomarker source to the Sajama ice cap, such as high-altitude Andean grasses,
shrubs, or conifers.

Biomass Burning Markers Other compounds indicative of biomass burning
were identified in the modern ice samples, including the PAHs fluoranthene (VI) and
pyrene (VII), dehydroabietane (VIII), dehydroabietic aldehyde (dehydroabietal) (IX),
tremetone (X), and sugiol (XI). Fluoranthene and pyrene were the only PAHs observed
and reached maximum concentrations of 3.3 and 11.0 pg/ml, respectively, both of which
occurred in one Sajama sample. However, blank levels of these compounds (0.4-1.2
pg/ml) are sufficient to preclude detailed interpretation of PAH sample data for all but
pyrene in the modern Sajama and Kilimanjaro samples. The interpretations explored
below depend on the possibility that PAH contamination is inherent to the laboratory
water used to create the blanks, and thus did not impact the ice core samples.
Fluoranthene and pyrene are two of the major PAHs released during conifer combustion
(Oros and Simoneit, 2001), but are not source-specific. For example, they have also been
observed in coal smoke (Oros and Simoneit, 2000). However, other PAHs that were also
detected in abundance in the coal smoke, such as phenanthrene and anthracenes, were not
detected in any ice core sample. Especially in the post-industrial ice core samples, which
should record both natural and anthropogenic organic inputs, the origin of the
fluoranthene and pyrene is uncertain. Fluoranthene and pyrene were detected in all of the
modern ice samples except for the smallest volume (10 ml) Huascardn sample, with the
greatest concentrations occurring in the Sajama, Dasuopu, and Kilimanjaro samples (see
Figure 3-9). Concentrations of these compounds in the Huascardn and Puruogangri
samples were below the levels observed in blanks. Low concentrations in the Huascardn

core may be due to high rate of ice accumulation (i.e. dilution). In the absence of
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Figure 3-9
Concentrations of Biomass Burning Marker Compounds
in Modern and Pre-Industrial Ice Core Samples

M TFluoranthene

Dehydroabietane

Sugiol

Concentration (pg/ml)

Dehydroabietic Aldehyde

B Tremetone

Sajama Modern
Sujama 2 ka
Sujama 5 ka

Sujuma LGM

Puruogangri Modem ‘I

Huaseardn Modern*

Dasuopu Modern -]
Kitimanjaro Modern 7
Puruogangri 2 ke ]

Average concentrations (pg/ml) of biomass burning marker compounds in all ice core samples.

Purogangri 6 ka ]

114




additional data, it remains uncertain whether the higher concentrations in the Sajama,
Dasuopu, and Kilimanjaro cores result from enhanced biomass burning or anthropogenic
activity in the areas upwind of these sites. The Dasuopu site, which is directly upwind of
the Indian subcontinent during the summer, is poised to receive considerable organic
inputs resulting from anthropogenic activities there. Fluoranthene and pyrene were
detected by Simoneit ez al. (1990) in Amazonian aerosols and by Abas et al. (1995) in
smoke particulates from combusted Amazonian forest litter, confirming the existence of a
possible source for the Andean ice core PAHs.

The diterpenoids dehydroabietane, dehydroabietic aldehyde, and sugiol were
identified only in Sajama ice core samples and were not found in analytical blanks.
Average estimated concentrations of these compounds in the modern Sajama samples
were 3.2 pg/ml for dehydroabietane, 1.5 pg/ml for dehydroabietic aldehyde, and 2.2
pg/ml for sugiol (see Figure 3-9). Because these compounds did not appear on the total
ion chromatogram, the response factors applied to estimate their concentrations were
necessarily selected from other compounds analyzed as standards that exhibited similar
mass spectral characteristics (e.g. pyrene). Thus, their reported concentrations are
estimates, but relative abundances are comparable between samples.

Oros and Simoneit (2001) detected dehydroabietane and dehydroabietic aldehyde
in smoke particulates from combusted conifers, including types of fir, pine, hemlock, and
spruce, in concentrations of up to 13.6 mg/kg of combusted material. Fine et al. (2004)
also detected these two diterpenoids in emissions from softwoods combusted in wood
stoves. Oros and Simoneit (2001) classify dehydroabietane as a naturally occurring
compound in conifers and dehydroabietic aldehyde as an oxidation product, providing
compelling evidence that biomass smoke contributions to high-altitude ice caps include
natural resin compounds as well as those that have been thermally altered. Sugiol, which
has a similar structure to dehydroabietane and is a common natural product in conifers,
has been observed in seed cone extracts from the present-day cypress Taxodium
distichum and fossil seed cone extracts from an Eocene Taxodium balticum and a

Miocene Glyptostrobus oregonensis (Otto et al., 2002).
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The presence of sugiol, which is a polar and labile compound, suggests that other
biomarkers that are derived from vascular plants through ablation or combustion could be
preserved in alpine glaciers. The biomarkers identified in this study indicate that conifer
combustion and subsequent aeolian smoke delivery is a source of trace organic material
to the Sajama ice cap. Inputs of plant combustion biomarkers to this core, and not
Huascardn, are consistent with the arid climate conditions around Sajama that could
promote vegetation fires, implying that biomarker inputs to these sites derive from local
sources.

Another compound identified (by mass spectral characteristics) in the modern ice
core samples that potentially could be utilized as a terrestrial vegetation biomarker is 2,3-
dihydro-2-isopropenyl-5-benzofuranyl methyl ketone (tremetone). This compound was
identified in samples from all five sites, but occurred in the greatest concentration in the
Sajama samples. It was not detected in any blanks. The average concentration of
tremetone in the modern Sajama samples was 98.5 pg/ml, while samples from the other
cores had concentrations between 1.6 and 9.6 pg/ml (see Figure 3-9). It has been
identified in Brazilian propolis, which is a constituent of honeybee hives and originates
from local vegetation (Banskota ef al., 1998). Tremetone, which is a natural product,
could have been volatilized from South American vegetation during combustion, and
subsequently delivered to the Sajama ice field through aeolian transport of smoke
particles, or it could have been simply deposited as part of a plant fragment. The fact that
Sajama exhibited the highest concentrations of tremetone, and was also the only core to
contain dehydroabietane, dehydroabietic aldehyde, and sugiol, indicates that it is most
favorably positioned to receive inputs of organic matter derived from plants, possibly due
to regional climate conditions or proximity to vegetation. Lower than average
accumulation rates during the Holocene (Thompson et al., 1998) may aid in identification
of these compounds in low volume samples.

n-Alkanes A series of n-alkanes (I, Figure 3-3) were identified in all of the
samples and blanks analyzed, almost always spanning a range of carbon numbers from

C,, to C,, or greater. These compounds are one of the principal components of the
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modern samples, occurring in individual concentrations of up to 5.2 ng/ml (see Appendix
B for chromatogram). Interpretations of n-alkane abundance and distribution in the ice
core samples are explored below, although severe blank contamination essentially
obviates this endeavor. In that sense, these interpretations are idealistic and rely heavily
on the possibility that blank contamination arises in a large part from the use of Milli-Q
water.

Average total n-alkane concentrations are reported in Figure 3-10. Long-chain n-
alkanes with a strong odd-to-even carbon number predominance are present in vascular
plant leaf waxes (Eglinton and Hamilton, 1967; Kolattukudy, 1976), while a lack of
carbon number preference is consistent with a petrogenic source (Mazurek and Simoneit,
1984). The n-alkane CPI was calculated for all samples and is presented in Table 3-1, as
is the carbon number of maximum concentration (C,,,) in each sample. CPI was
calculated by inserting chromatographic peak areas, which are a measure of
concentration, into the formula: X odd chains C,;-C,; / 2 even chains C,,-C;, (Mazurek
and Simoneit, 1984). For all modern samples, CPI values varied between 0.76 and 1.17,
implying that inputs of n-alkanes derived from anthropogenic petroleum use far
outweighed contributions from plant leaf waxes.

Oros and Simoneit (2001) observed CPI values in n-alkanes isolated from conifer
smoke that ranged from 0.5 for Ponderosa pine to 3.4 for Port Orford cedar combustion.
They obtained an average CPI value of 1.3 for the six types of pine tree studied and 1.0
for the three types of fir. Thus, the n-alkane CPI values observed in the modern ice core
samples are potentially also consistent with a combusted plant matter source. n-Alkanes
in smoke from combusted Amazonian forest litter were found by Abas et al. (1995) to
have a CPI of 3.6 witha C
most that were determined by Oros and Simoneit (2001) for North American conifers.

An n-alkane C

of 29 or 31. These Amazonian C,,, values are greater than

max

o Of 25 was determined for most of the South American and Asian
modern samples, while all Kilimanjaro samples had a value of 24, possibly resulting from
differences in the nature of the petrogenic or burned biomass source material between

Kilimanjaro and the other samples, such as different fuel or plant type. This idea is
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supported by an average CPI value of only 0.83 for modern Kilimanjaro samples,
compared to higher values in Sajama (0.99), Huascaran (1.04), Puruogangri (0.94), and
Dasuopu (1.12) samples. If there were substantial contributions of vascular plant -
alkanes to the modern South American ice core samples, the lower C,_,, values than
combusted Amazonian forest litter may be reflective of inputs from coniferous plants
growing at higher elevations rather than distant lowland forest.

Several other possible sources exist for the n-alkanes observed in the ice core
samples, in addition to those discussed above. For example, pyrolysis of fatty acids (C,-
C,,) under laboratory conditions has been shown to produce n-alkanes, and could thus
represent another source of ice core hydrocarbons involving biomass burning (Leung et
al., 1995). Also, Simoneit et al. (2005) demonstrated that n-alkanes with a strong even
carbon number dominance are evolved during combustion of plastics. Phthalate
compounds that were detected in the ice core samples suggest contributions from plastics,
possibly resulting from atmospheric deposition, but more likely from laboratory or
storage contamination. Dibutyl phthalate was also detected in blanks, but the post-
industrial samples from Sajama, Kilimanjaro, and Dasuopu contained concentrations well
in excess of blank levels. Contributions from combusted plastics via atmospheric
deposition are expected to be minimal because the n-alkane homologues observed in the
ice core samples did not demonstrate the even chain length preference described by

Simoneit et al. (2005).

Comparison to Other Ice Core Studies

These results from biomarker analysis of modern ice core samples using SBSE
and TD compare favorably to those of Xie et al. (2000), who analyzed organic matter in a
Dasuopu snow pit spanning the time interval between the summers of 1996 and 1997.
Based on 21 L to 25 L samples, they determined an average concentration of extractable
organic matter of 45.4 ng/ml, which is only about one order of magnitude greater than the
total biomarker concentrations of the compounds recorded in this study from the Dasuopu

sample. Their value is roughly comparable to my estimate of filterable (i.e. particulate or
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mineral-associated) organic carbon abundance in the modern Puruogangri sample, which
is approximately 50 ng/ml (S. American samples are ~100 ng/ml). Thus, unlike the
present biomarker investigation, the results of the Xie et al. (2000) study may reflect
contributions from both dissolved and particulate organic carbon. Average total n-alkane
concentration in the snow pit samples was 1.1 ng/ml, which is similar to average values
determined for the Asian (Puruogangri = 1.8; Dasuopu = 1.7 ng/ml) and African (3.6
ng/ml) ice core samples, but about an order of magnitude less than values determined for
the South American (Huascardn = 12.7; Sajama =19.0 ng/ml) samples. Xie et al. (2000)
observed n-alkane and n-alkanoic acid chain lengths similar those that I found, but they
also detected compounds that I did not, including the isoprenoid hydrocarbons pristine
and phytane, hopanes, and steranes. Given that I did not detect these other compounds,
the biomarkers I did observe, which were deposited at an earlier time, may primarily
reflect inputs from vascular plants and not petrogenic or bacterial sources. My results
further demonstrate that various sites contain different biomarker assemblages that can
potentially be used to infer inputs from specific (i.e. local or regional) sources.

Total fatty acid concentrations observed in the post-industrial ice core samples, as
well as the other Sajama Holocene samples, are roughly comparable to those observed in
Greenland ice over the last 400 years by Kawamura et al. (1996). Total fatty acid (C,,-
C,,) concentrations of 2-105 ng/ml were determined throughout the Greenland record,
while the results in this SBSE study spanned about 0.5 to 8.7 ng/ml for the C,-C;g and
C,g.; homologues combined. Although abundances in the alpine ice core samples are
somewhat lower than in polar ice, the Kawamura et al. (1996) study included a greater
range of fatty acid homologues and employed solvent extraction, which may hdve
incorporated a greater amount of particulate organic matter than SBSE. Fluoranthene
concentrations measured in Greenland snow pit samples (0-4.6 ng/ml) were generally
much higher than those determined from post-industrial alpine ice samples in this study,
often by greater than 3 orders of magnitude (Masclet et al., 2000). However, this
Greenland study was performed on organic material filtered from melted snow,

suggesting that PAHs may be strongly associated with particulate matter, and thus not
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entirely available through SBSE. The results of these polar studies and my tropical ice

investigation demonstrate that some compounds of interest have a global distribution.

Biomarkers in Pre-Industrial Samples

Many of the biomarkers that were identified in the modern ice core samplés were
also found in ice from the pre-industrial era, where there are no contributions of
anthropogenic pollutants. Organic matter in five pre-industrial ice core samples was
investigated via SBSE and TD/GC/TOF-MS, including three samples from the Sajama
ice core of approximate ages 2 ka, 5 ka, and last glacial period, and two samples from the
Puruogangri core of approximate ages 2 ka and 6 ka. The greatest potential for impact
from human activities on the organic content of these samples would be through biomass
burning in the late Holocene, although this is assumed to be minor in comparison to
naturally occurring fires. Ultimately, organic compounds in these samples should occur
solely as a result of aeolian deposition of vascular plant matter, either fresh or combusted.

Alkyl Amides and Nitriles Alkyl amides and nitriles above blank level
concentrations were observed in pre-industrial samples from the Puruogangri ice core,
but not from Sajama. Abundances in the Puruogangri 6 ka sample generally exceeded
blank level by an order of magnitude, with the exception of the C,; amide and nitrile.
The full range of chain lengths that were detected in the modern samples were also found
in the Puruogangri sample from 6 ka, although only the C,s, amide and the C,5; and C,,
nitriles were detected in the 2 ka sample. Concentrations of these compounds were much
greater in the Puruogangri 6 ka sample, with C,g, amide and nitrile values of 7.1 and 0.3
ng/ml, respectively. Although few amides or nitriles were detected in the 2 ka sample,
those that were match those of greatest concentration in the 6 ka sample. N,N-
dimethyloctanamide was not detected in any of the pre-industrial samples. The
distributions of the alkyl amides and nitriles in the 6 ka sample were different from those
in the modern Puruogangri sample (see Figure 3-11). The C,q, homologue is by far the
most abundant amide or nitrile in the older sample, whereas the C,,,, amide and nitrile

concentrations are about double C,g, in the modern sample. The amide and nitrile
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Figure 3-11a
Puruogangri Ice Core Alkyl Amide Concentrations, Modern and 6ka
Samples
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Figure 3-11b
Puruogangri Ice Core Alkyl Nitrile Concentrations, Modern and 6 ka
Samples
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distributions in the Puruogangri 6 ka sample much more closely resemble those in the
modern Kilimanjaro sample and are even similar in concentration (see Figures 3-5 and 3-
7). The most probable source for these compounds in the Puruogangri 6 ka sample is
combusted biomass, as there was almost assuredly no food preparation performed in the
locale of the ice field at that time. The possibility remains that the sample was
contaminated with aerosols generated during cooking at the time the core was collected,
but this scenario is unlikely because the same concentrations were not observed in the
Puruogangri 2 ka sample and the distribution of the homologues changed between the
modern and older samples. One possible explanation for the different distribution
observed at 6 ka is a shift in vegetation type upwind of the site. The modern sample from
Kilimanjaro, which closely resemble the Puruogangri 6 ka sample in amide and nitrile
distribution, is likely heavily influenced by inputs from tropical grasses and scrub. By
inference, the 6 ka distributions in Puruogangri could be explained by greater populations
of grasses than today on the Tibetan Plateau. Indeed, Holocene pollen assemblages in the
Dunde ice core indicate a relative expansion in steppe and a reduction in desert
vegetation between about 10 and 5 ka (Liu et al., 1998). Concentrations of the most
abundant amides and nitriles in the 6 ka Puruogangri sample were 3-6 times greater than
those in the modern Puruogangri samples. Oxygen isotopes in ice in the Guliya ice cap
core (35°17°N, 81°29’E, 6710 m) indicate that 6 ka was around the time of the coolest
and driest conditions during the Holocene on the Tibetan Plateau (Thompson et al.,
1997). As with the Sajama samples, the Puruogangri biomarker concentrations are
expected to be greatest during periods of reduced ice accumulation. Additionally, arid
conditions set the stage for increased production of biomass burning indicators. One
problem with the idea of grassland expansion at 6 ka is that a reduction in desert should
not be consistent with drier conditions on the Tibetan plateau and a decrease in monsoon
strength, unless the summer monsoon front retreated across the Tibetan Plateau slowly
throughout the Holocene, as suggested by Liu et al. (1998).

Fatty Acids The only fatty acids detected in the pre-industrial samples occurred

in the Holocene samples from the Sajama ice core. The C,, and C,; homologues were
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identified in both samples but C,, was found only in the 5 ka sample. C,g and C,q, were
not detected in any pre-industrial sample. All fatty acid concentrations in these samples
were near or below blank level, indicating that they probably arose primarily from
contamination, and thus precluding detailed interpretation of the results. However, only
even carbon number homologues were detected, which would be consistent with a leaf
wax source, and they were only found in the arid Holocene Sajama samples, consistent
with the presence of other naturally derived compounds in the modern Sajama sample.
The fatty acids in the pre-industrial samples presumably represent a mixture of natural
inputs and contamination entrained in the laboratory or during core or sample handling.
Biomass Burning Markers The PAHs fluoranthene and pyrene were detected in
the two Holocene Sajama samples and the Puruogangri 6 ka sample, but not in the LGM
Sajama sample or the Puruogangri 2 ka sample. In the absence of anthropogenic inputs at
these times, these compounds are expected to have been derived from biomass burning
events. Fluoranthene and pyrene occur in very low concentrations in these samples, with
maximum values of 0.4 and 0.5 pg/ml, respectively (see Figure 3-9), which are below
blank levels (avg. fluoranthene = 0.8; pyrene = 1.1 pg/ml). While these low
concentrations negate robust quantitation and interpretation, the compounds do occur
only in the samples that represent arid conditions in their geographic regions, as would be
expected. In the last glacial Sajama sample and the 2 ka Puruogangri sample, both of
which were deposited during warmer and wetter conditions, fluoranthene and pyrene
were not detected at all, which was not the case even in the blanks. For practical
purposes, it might therefore be more reasonable to compare the down-core ice samples to
each other than to the blanks. The laboratory (Milli-Q) water that was used to create the
blanks, but which did not contact the samples, may have contained PAHs, as evidenced
by the observation that these compounds were present in the blanks, yet registered as
non-detects in several samples. In the case of the pre-industrial samples, the occurrences
of PAHs, although they exist in low concentrations, make sense with the ice core 880
records (see Figure 3-12). I hypothesize that these PAHs may have been produced and

deposited during arid periods due to greater occurrences of forest fires.
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The distribution of the two PAHs in the modern samples is consistent between
replicates and is different from the pre-industrial samples, which are always relatively
enriched in fluoranthene. This difference in distribution may reflect a change in source
from purely biomass burning in the pre-industrial samples to mixed natural and
anthropogenic in the modern samples. The PAH distribution in the frozen and laboratory
blanks is not constant (fluoranthene/pyrene = 0.4-1.1).

Dehydroabietane, dehydroabietic aldehyde, sugiol, and tremetone were all
detected in the two Holocene Sajama samples, but not in any other down-core sample,
including the last glacial Sajama sample. Concentrations of the first three compounds
listed above were low, ranging from about 0.8 to 3.5 pg ml, with slightly higher
concentrations in the 5 ka than the 2 ka sample (see Figure 3-9). Estimated
concentrations of tremetone were higher, with values of 56.8 and 102.1 pg/ml at 2 ka and
5 ka, respectively (see Figure 3-9). Importantly, these compounds were not detected in
any of the blanks. Because they were only abundant in the Sajama modern sample, it is
fitting that they were detected in older Sajama samples as well, but not in Puruogangri
ice. Their presence in Holocene but not last glacial ice is also consistent with known
climate trends at Sajama, for which proxy records indicate that the mid to late Holocene
climate was similar to present day conditions, whereas the last glacial period was much
wetter and cooler.

n-Alkanes All of the pre-industrial samples contained n-alkanes of carbon chain
lengths C,,—C;, or greater with total n-alkane concentrations ranging from 0.2 to 6.0
ng/ml (see Figure 3-10). Although the concentrations in the pre-industrial samples are
often similar to or below blank contamination levels, the n-alkanes in these samples
exhibited distributional characteristics that are different from the blanks or the post-
industrial samples. For example, all of the pre-industrial samples had a C,,, of 27 (the
Sajama LGM sample had three major n-alkane peaks at C, C,,, and C;,), whereas almost
all of the modern South American and Asian samples had a C,,, of 25. Also, all of the
pre-industrial samples had n-alkane CPI values >1.0, which was the case for less than

half of the modern samples. The 2 ka and LGM Sajama samples had CPI values of 1.3
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and 2.8, respectively, and the 2 ka Puruogangri sample had a CPI value of 1.2, all of
which were greater than the CPI value of any post-industrial sample. These results imply
that n-alkanes in the pre-industrial ice samples better represent fresh or combusted plant
wax inputs, although laboratory or sampling contamination undoubtedly compromised
the integrity of the signal, and thus render these interpretations dubious. Higher n-alkane
concentrations in the Holocene Sajama samples compared to the last glacial sample and
also in the older of the Puruogangri samples are consistent with inferred dryer conditions
in the areas of these sites, and therefore lower ice accumulation rates and elevated dust
inputs (Thompson ez al., 1997; Thompson et al., 1998) (see Figures 3-12 and 3-13).
Because similar sample volumes were extracted and analyzed in this study, biomarker

enrichment is expected for periods of reduced ice accumulation.

Controls on Biomarker Abundance in the Sajama Ice Core

Several factors could have contributed to the discrepancy between plant
biomarker concentrations in the Sajama glacial and Holocene samples, including
increased ice accumulation rates in the glacial, changes in atmospheric circulation, and
differences in the type or areal extent of vegetation upwind of the site. Enhanced ice
accumulation, as occurred at Sajama during the last glacial period (Thompson et al.,
1998), would effectively dilute biomarkers. Dust concentrations in Sajama are very low
during the last glacial period (Thompson et al., 1998), implying that winds were reduced
in this area, and thus aeolian transport of plant matter. A reduction in vascular plant
inputs could also be achieved with a change in direction of the prevailing winds away
from heavily vegetated areas. If cooler glacial temperatures reduced the amount of
overall vegetation or lowered the tree line, the vegetation that is the source of these
compounds may have moved far enough away from the ice cap to limit contributions.
Another plausible explanation for a lack of biomarkers in the Sajama glacial sample may
be that many of the biomarkers were delivered through smoke particulate matter and the

wetter conditions during the last glacial period greatly reduced forest fire occurrences.
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Figure 3-13
Sajama Ice Core Accumulation
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The Sajama sample from the last glacial period is characterized by a lack of
biomarkers and exhibits the lowest measured total n-alkane concentration of 173 pg/ml.
With the exception of the n-alkanes, all other biomarkers investigated in this study were
not detected in this sample. One potential explanation for this observation is that
elevated accumulation rates during the last glacial period diluted biomarker inputs and
the associated wet conditions did not promote forest fires (see Figure 3-13). Another
possible reason is degradation of organic matter within the ice. For example, PAHs are
known to undergo photodegradation in natural waters, and among these compounds
pyrene may degrade at a relatively high rate (Fasnacht and Blough, 2002). The ratio of
fluoranthene to pyrene in the ice core samples is greater in the pre-industrial samples than
the modern samples, supporting this argument, but also demonstrating by their presence
some measure of resistance to degradation for at least 6 ka, possibly through association
with black carbon. Potential effects of association with particulate matter on biomarker
preservation are not known. With the range of samples investigated in this study,
separation of degradation and climate signals cannot be achieved, but development of

high-resolution biomarker records may address these issues.

Conclusions

The results of this investigation demonstrate that biomarkers are present in alpine
ice cores in measurable quantities. The presence of the suite of biomarkers observed in
this study in recent and down-core samples confirms the utility of SBSE, TD, and
GC/TOF-MS for investigation of organic matter trapped in alpine ice. Biomarkers
present in each of the ice cores can be used to address issues of climate change and
anthropogenic pollution that are specific to each geographic location. Additionally, ice
core biomarker studies can be used to investigate processes that affect the delivery of
organic matter on a global scale. The results demonstrate that biomarker concentrations
and distributions vary with regional climate conditions. Importantly, I have demonstrated
the effectiveness of these methods with sample volumes of 30 ml or less. These reduced

volumes will allow for future generation of high-resolution, multi-molecular stratigraphic
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records that can be used to investigate changes in vegetation, atmospheric circulation, and
aridity on time scales ranging from glacial/interglacial to annual. Continuing
development of in-situ or on-stir-bar derivatization methods should further expand the
amount of biomarker information available from single samples by negating the

discrimination against polar compounds during TD.
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Chapter 4

Development of High-Resolution Multi-Molecular Stratigraphic Records from Peru

Margin Sediments

Abstract

Time-of-flight mass spectrometry, coupled with fast gas chromatography, was
used to identify a wide range of molecular markers in Peru Margin sediments from ODP
Site 1228D. Detailed molecular stratigraphic records extending from the present to about
15 ka were generated for specific biomarkers derived from terrestrial and marine sources.
Prior to 9 ka, organic carbon, carbon/nitrogen, and many biomarker records varied in
unison, implying a dominant forcing mechanism affecting production, delivery, and/or
preservation of sedimentary organic matter. After 9 ka, biomarker and organic carbon
concentrations increased and exhibited enhanced variability throughout the remainder of
the Holocene. This period was marked by high frequency changes in marine and
terrestrial organic carbon inputs, and in assemblages of marine primary producers.
Different patterns of variability between independent biomarker records after 9 ka and
seemingly good preservation of labile compounds argue against a strong diagenetic or
sediment redistribution overprint on the records. Concentration records of sterol
degradation products and bacterial biomarkers were similar to those of compounds
derived from marine algae, suggesting that in situ diagenesis is not substantial in these
sediments. Very low organic-bound sulfur concentrations were measured in total lipid

extracts and no sulfur bearing biomarkers were observed, suggesting that the biomarkers
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used in this study are not biased by sulfur incorporation and resultant sequestration.
Overall, these results suggest that 1228D sediments faithfully record water column and
sediment surface processes, and can thus be used to investigate paleoclimate conditions
over the time period studied. A multivariate analysis of the data was effective in
separating marine and terrestrial contributions and supported the inference that the
variability observed in the Peru Margin organic matter is predominantly due to marine
processes, as would be expected in a productive upwelling area. The results demonstrate
that the analytical scheme employed is useful for generating high-resolution biomarker
records representing a wide variety of source organisms. The wealth of information
provided by this approach is necessary to fully understand the relationships between

biomarkers in complex and sensitive oceanic environments, such as the Peru Margin.

Introduction

Recently developed analytical technology provides organic geochemists with the
opportunity to develop multi-molecular stratigraphic records that are comparable in
resolution to those of other paleoclimate proxies such as foraminiferal carbonate 8'°0 and
8"C. Time-of-flight mass spectrometry (TOF-MS; which can also denote time-of-flight
mass spectrometer depending on sense) is a powerful tool that, when coupled with gas
chromatography (GC; also gas chromatograph), enables rapid quantitation of a wide
range of lipid biomarkers in a single sediment sample. Enhanced spectral acquisition
rates ultimately permit the operator to reduce sample preparation and analysis times, and
thus generate higher-resolution stratigraphic records. Marine and lacustrine sediments
contain a wealth of geochemical information encoded in their organic fraction, although
it occurs as a complex mixture that is most telling when separated and analyzed as
individual molecular species. Successful identification and quantitation of the full scope
of biomarkers present in sediments could provide information about input sources that
span several trophic levels, permitting a more holistic interpretation of the biological

processes contributing organic matter to the sediments.
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Fast GC/TOF-MS

Capillary column GC is an indispensable tool for lipid separation and analysis,
but is limited in analytical potential by the type of detector it is paired with. Probably the
most common detection device used in organic geochemical laboratories is the flame
ionization detector (FID), which is simple, robust, and provides a linear response over a
wide range of concentrations. However, the FID is limited in its utility in that it is only
able to provide information about analyte concentration, and only reliably on peaks that
are baseline-resolved. To identify and quantify compounds of interest, the analyst must
already have an understanding of their elution order, usually obtained through analysis of
external standards. To ensure valid results for specific biomarkers, organic rich samples
must be purified using wet chemical techniques, which by nature exclude other
compounds that may be of value. In essence, GC-FID analysis requires a priori
knowledge of the biomarkers present in complex environmental samples and thus
restricts the investigation to what the geochemist already expects or is familiar with.

Traditional types of mass selective detectors that are coupled with GC, such as
quadrupole and ion trap instruments, add another dimension of analytical function in that
they can be used to positively identify compounds as well as quantify them. Upon
elution, compounds entering the MS are immediately ionized by electron impact or
chemical methods, causing them to dissociate into charged fragments. The fragmentation
pattern is reproducible and produces mass spectra that can be interpreted according to
fundamental chemical principles and can be compared to those of authentic standards or
to independent libraries, thus enabling identification of unknown compounds. Another
benefit of using mass selective detectors arises from the ability to extract and view
chromatograms of selected ions, whereby analyte peaks can be generated from
representative ions and interfering ions can be removed. Using this feature, compounds
of interest can be separately quantified from co-eluting peaks, ultimately reducing the
necessary amount of sample pre-treatment and purification. The greatest drawback of

traditional GC-MS systems is that they repeatedly scan across mass ranges, limiting
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spectral acquisition rates and demanding relatively slow elution times. Elution occurs
continually, but only one ion mass is being collected by the MS at any given instant, by
nature eliminating potentially valuable spectral information if chromatographic peaks are
too narrow.

A new type of GC-MS system involving fast-GC and TOF-MS provides many of
the advantages of traditional GC-MS instruments without the limitations described above.
Rather than scanning across mass ranges to detect individual ions, the TOF-MS pulses
groups of ions down a “flight tube” at 40 kHz with the same initial energy, and then
applies the time they take to traverse the flight path to the relationship KE=1/2mv* to
assign ion masses. The flight tube is simply a rectangular box with the ion push-out
region and detector array on one of the sides and a wire grid with a constant applied
voltage on the other. The ions travel a parabolic path from push-out region to detector,
the length of which, and thus travel time, depends on the mass of the ion. The rapid ion
transmission and signal processing in TOF-MS results in collection of an essentially
continuous stream of ions and thus enables use of high spectral acquisition rates (up to
~100 spectra/second). The TOF-MS manufactured by Thermo Electron Corp. (the
Tempus) employs a series of three stacked detectors, each of which converts a different
range of input intensities to spectral data, to produce a linear response that theoretically
can span almost 6 orders of magnitude of analyte concentration (Lin et al., 2000). This
detection system is exceptionally well suited to analysis of complex environmental
samples in which widely varying biomarker concentrations are expected. A lower
detection limit of about 2 pg of material on-column was established for the GC/TOF-MS
I used, and sample overload occurred on the narrow-bore capillary column used before an
upper boundary could be determined.

Fast-GC is a technique in which rapid oven temperature ramping is applied to a
short, narrow-bore capillary column, resulting in quicker elution times and reduced run
length compared to traditional GC methods. An important benefit of fast-GC is that it
produces chromatograms with sharper, narrower peaks, effectively increasing signal-to-

noise. Additionally, short run lengths (typically 10-15 minutes) provide the opportunity

140




to increase sample throughput, facilitating development of high-resolution biomarker
records. However, the peaks produced by fast-GC elute much closer together and are
thus more likely to interfere with one another. Conventional GC-MS systems are thus ill
suited detectors for fast-GC because their inherently slow scan rates (e.g. ~1-10 Hz)
would under-sample peaks that are on the order of only one second wide, leading to poor
quantitation. In contrast, TOF-MS is capable of fully resolving the narrow peaks
produced by fast-GC and thus serves as an ideal mass selective detector for this
application. Ultimately, the pairing of fast-GC techniques with the rapid spectral
acquisition inherent to TOF-MS results in decreased analysis times and therefore greater
sample throughput. A key benefit of this analytical approach is the ability to generate
high-resolution molecular stratigraphic records of the type necessary to interpret abrupt
environmental changes as recorded in sedimentary organic inputs. Additionally, the use
of fast-GC with TOF-MS permits liberal measurement of sample replicates and external
standards, improving biomarker quantitation in large sample sets.

In the present study of Peru Margin sediments, I avail myself of another important
benefit of TOF-MS, which is the ability to identify and quantify a wide range of
biomarkers in a single sample with minimal pre-treatment. Traditionally, total lipid
extracts (TLEs) of environmental samples, especially organic-rich sediments, required
separation of various biomarker classes by wet chemical methods into an array of
fractions that would be analyzed individually. The number of fractions necessary
generally depends on the complexity of the sample and the level of purity desired. Such
is the case especially for GC-FID, for which compounds of interest must be free of co-
eluting peaks to achieve accurate quantitation. Separating the TLE into fractions and
performing purification steps, often involving such procedures as silica gel column
chromatography and urea adduction, is time consuming and can introduce contamination
into the sample. For these reasons, molecular stratigraphic records are often of low
temporal resolution or restricted to a particular class of compounds. Due to the unique
ion transmission and mass recognition properties of the TOF-MS (i.e. that all ions are

collected and none are lost due to scanning), full-range spectral information is available

141




at every point on the chromatogram. Ultimately, this means that specific biomarkers
peaks generated from characteristic ions can be isolated from exceedingly complex total
ion chromatograms (TICs) even at the high spectral acquisition rates demanded by fast-
GC. Quadrupole GC-MS also provides the ability to monitor individual ions at an
elevated sampling rate, but only when operating in selected ion monitoring mode, which
is pre-programmed to ignore other ion inputs and thus restricts the number and type of
biomarkers that can be identified in a single sample. TOF-MS provides the ability to
examine a broader range of compounds in a TLE, even if they occur in widely different
concentrations and co-elute with one another, thus obviating the need to purify or
separate samples into fractions, which in turn greatly reduces sample preparation time,

solvent usage, and chances of entraining contaminants.

Peru Margin Study Site

I employed GC/TOF-MS to examine the biomarker content of Peru Margin
sediments that were collected during ODP Leg 201 at coring Site 1228D (Figure 4-1).
This core was drilled nearby to ODP Leg 112 Site 680 on the outer continental shelf in
252 m water depth (11°4’S; 78° 5’W) (Shipboard Scientific Party, 2003). This location
occurs in an area of perennial upwelling and associated high productivity, which is
perhaps best known for its bountiful anchoveta population. In 1970, around which time
the Peruvian upwelling region was the most productive fishery in the world, anchoveta
catches surpassed 10 million tons (Cushing, 1981). Bruland et al. (2005) describe
upwelled surface waters so replete with chlorophyll and biota that they appear “chocolate
brown” in color. Although upwelling is not homogenous along the Peru Margin, Site
1228D is located within or adjacent to a modern cell of intense coastal upwelling and
productivity (de Mendiola, 1981).

Upwelling of deep, nutrient-rich water on the Peru Margin and the resultant
enhanced productivity are caused by stable regional atmospheric and oceanic circulation
patterns. Perennial southeasterly alongshore trade winds produce an offshore flow to a

depth of about 30 m (Smith, 1981). Smith (1981) observed a compensatory onshore flow
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Figure 4-1

Peru Margin Sample Location

0

-8

A——
-82°

A4

143

ODP Site 1228D coring location on Peru Margin outer shelf.




below this layer to a depth of approximately 100 m with a maximum current velocity at
about 60 m depth. The onshore flow waters are derived from the nutrient-rich, poleward
flowing Peru Countercurrent (PCC), which impinges on the shelf to depths of 200 m or
greater (Smith, 1983). It is the onshore flowing water that provides the nutrients that fuel
coastal upwelling on the Peru Margin. The PCC lies just below the surface layer of
wind-driven flow and reaches a maximum mean velocity of about 5 cm/sec at depths of
40 to 80 m (Smith, 1981). However, Arthur et al. (1998) observed a poleward current at
about 200 m depth (12°S) with a velocity of 30 cm/sec, implying that the depth and
strength of the PCC are variable. The PCC is strong enough to winnow and redeposit
fine-grained shelf sediments such as those that organic matter is most commonly
associated with. However, the surface sediments on the Peru shelf are often protected
from the strong current by the presence of large microbial mats of sulfur oxidizing
bacteria (McCaffrey et al., 1989; Arthur et al., 1998). Sediment winnowing is not
expected to be problematic at site 1228D because it is located on the outer edge of the
shelf, away from the core of the PCC, although it could be exposed to redeposited
material from upstream. The shelf is most exposed to the PCC north of 11°S where it is
much wider. A bulk organic carbon "C age of 630 yr + 30 was obtained for the 0-2 cm
interval of a Peru Margin box core collected near 1228D (SJ1092 core BC153; 11°3.7°S,
78°4.4’W; 250 m) (pers. comm., T. Eglinton). This age implies that recent material is
indeed preserved at the sediment surface and thus sediment redistribution is either not
problematic, or occurs over short time scales.

A stable oxygen minimum zone (OMZ) bathes much of the outer shelf and slope
on the Peru Margin and enhances organic matter preservation. Arthur et al. (1998)
observed dissolved oxygen concentrations of less than 10 umol/kg between depths of
about 80 and 700 m at 12°S. Besides inhibiting oxidation of sedimentary organic matter,
these low oxygen conditions result in reduced benthic biological activity and
bioturbation. No evidence of biological disturbance was observed in the top 3 m of

1228D. Based on benthic foraminiferal assemblages, Oberhinsli ez al. (1990) inferred

144



that there were no major changes in bottom water oxygenation at the location of 1228D
during the time period examined in this study.

Primary productivity and upwelling, while patchy along the Peru Margin, are
strong throughout the year with moderate seasonal dependence. Maximum
phytoplankton concentrations occur in cells associated with strong upwelling and are
generally located more to the north on the Peruvian coast in austral fall and winter, and to
the south during spring and summer (de Mendiola, 1981). Overall phytoplankton cell
densities were found to be slightly lower during the winter. Diatoms are the most
prevalent phytoplankton in the Peru upwelling region, with only six species representing
about 75% of the total population (de Mendiola, 1981). Dinoflagellates are also present
in abundance, but are minor compared to diatoms. de Mendiola (1981) observed most of
the important diatom and dinoflagellate species throughout the year, although individual
species varied in abundance seasonally.

Despite the hyper-arid climate and sparse vegetation in western Peru, terrestrially-
derived biomarkers have been identified in Peru Margin sediments and sea surface
aerosol samples (Schneider and Gagosian, 1985; Volkman et al., 1987). Schneider and
Gagosian (1985) estimated that less than 1% of the flux of two terrestrial biomarkers in
the water column could be accounted for by aeolian deposition. Thus, the bulk of
terrestrial inputs to the sediments are likely delivered through fluvial transport. Several
rivers, including one directly to the east of Site 1228D, drain the western flank of the
Andes (Figure 4-1) and could deliver terrestrial mineral and organic material to the Peru
Margin. Indeed, several small fragments of what appeared to be vascular plant root
material were observed during sampling of the 1228D core, and were also positively
identified in Peru Margin sediments at about 15°S by McCaffrey (1990).

The upwelling, enhanced primary productivity, and low-oxygen conditions on the
outer shelf and slope of the Peru Margin result in excellent preservation of organic
matter, making this an optimal location for organic geochemical study. Arthur et al.
(1988) examined surface sediments along two transects on the Peru margin and found a

broad maximum in organic carbon content between depths of 75 and 350 m, coincident

145




with dissolved oxygen concentrations of less than 5 pmol/kg. At Site 1228D, the
measured organic carbon content of near core-top sediments was about 11%. Many
different sedimentary biomarkers have been used in separate studies to examine
production, preservation, and delivery of organic matter, as well as modern and
paleoceanographic conditions on the Peru Margin (Farrington ez al., 1988; Farrimond et
al., 1990; McCaffrey et al., 1990; Bergamaschi et al., 1997; Higginson and Altabet,
2004). The studies to date demonstrate the complex nature of the sedimentary organic
matter, owing to the tremendous diversity and amount of planktonic biota in the
overlying water column. Sediments such as these are an ideal initial test for GC/TOF-
MS because its analytical utility entails reliable separation of individual compounds from
complex mixtures fraught with chromatographic interferences.

Core 1228D was sampled from 4.5 cm to a maximum depth of 297.5 cm.
Throughout this interval, sediments were predominantly dark olive green to black
diatomaceous silts and were nearly saturated at the core top, but lost water content with
depth and were only moist at the bottom of the sampled section. A volcanic ash layer,
which was not sampled, occurred between depths of 119.5 and 120.5 cm. Foraminifera
and what appeared to be vascular plant fragments and biogenic spines appeared
sporadically in the core. Aside from the ash layer, the most prominent feature of the
upper 3 m of 1228D was the presence of very coarse-grained mineral material (0.5 - 3.0
cm diameter) surrounded by sandy sediment between 276.5 and 280.5 cm depth. This
material was most likely deposited in a much higher energy environment than the fine-
grained sediments above and below, possibly coincident with lower sea level during the
last glacial period. It may consist of phosphorite nodules, as were observed in surface
sediments at this water depth by Arthur ez al. (1998), in which case the material could be
indicative of winnowing by an unusually strong PCC. It is assumed that the presence of
the coarse material represents a hiatus of unknown duration, and thus the few samples
analyzed within and below this interval are not considered with the rest of the record, but
serve only as clues to organic inputs under different depositional conditions. The

uniform nature of the sediments above the hiatus and clearly defined ash layer argue
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against variable winnowing and re-deposition at 1228D as would be expected if the PCC
strongly affected this depth and location. Although strength of upwelling, primary
productivity, and delivery of organic matter are variable in location and time on the Peru
Margin (e.g. Wakeham ez al., 1984), the time period encompassed by each sediment
sample (~50 years) should smooth out seasonal and El Nifio scale episodic events and
provide a reasonable estimate of average conditions. The age scale for 1228D is based on
five alkenone and two bulk organic carbon AMS radiocarbon dates (Higginson and
Altabet, 2004). Matthew Higginson and Mark Altabet (SMAST — UMASS Dartmouth)
graciously provided the *C dates and corrected calendar ages. Alkenone ages were
obtained at the Woods Hole Oceanographic Institution in conjunction with Timothy
Eglinton and Li Xu. The age scale was adjusted based on correlation of '°N records
between 1228D and several other shallow cores on the Peru Margin (Higginson and

Altabet, 2004).

Analytical Procedure

Initially, the 1228D half-rounds were sub-sampled into two adjacent U-channel
sleeves, one of which was archived. Prior to sampling, the core segments were shipped
and stored under refrigeration to minimize loss of volatile or semi-volatile organic
compounds and to suppress degradation processes. Samples were collected for this study
from the original core segments around the void left by the U-channels. Several sections
of the core, including the top 4.5 cm, are not represented because large amounts of
sediment had been removed previously for compound-specific radiocarbon analysis.
Homogenous sediment samples were collected into clean 4 ml vials in centimeter
increments, after which they were freeze-dried and stored under refrigeration. Sediment
samples from at least every other centimeter were prepared for analysis via GC/TOF-MS.
The dry weight of these samples ranged from 0.14 to 1.55 g, with an average of 0.40 g.

Semi-volatile organic matter was extracted from the sediments via Accelerated
Solvent Extraction (Dionex), in which a methanol/dichloromethane (1:9) mixture was

introduced to each sample in three stages at 100°C and 1,000 p.s.i. The resultant TLEs,
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which were very dark green to black in color, were collected into 40 ml vials and
concentrated (Zymark Turbovap) to volumes of 1-2 ml. Enough activated Cu was added
to each vial so that it was completely in contact with the TLE and then it was allowed to
react for at least 12 hours in order to remove elemental S. 10% of each TLE was
removed to a GC vial with glass insert and was transesterified at room temperature using
Meth-Prep 2 (Alltech), thus releasing ester-bound compounds and converting carboxylic
acids to methyl esters. In particular, fatty acids were converted to their corresponding
fatty acid methyl esters (FAMEs). Subsequently, the samples were silylated using
BSTFA (+1% TMCS; Pierce) and pyridine (60°C, 15 min). Prior to analysis, C,;,, and
C,¢ n-alkane internal standards were added to each sample, all of which were ultimately
analyzed in a solution of equal parts pyridine, BSTFA, and dichloromethane. 0.07% of
each original TLE was injected (1.0 pl) and analyzed via GC/TOF-MS. More than half
of the samples were analyzed in duplicate and blanks and external standards consisting of
FAME:s, silylated n-alkanols, and n-alkanes were run in between every 12 samples.

All analyses were conducted on a ThermoQuest TRACE GC with PAL
autosampler and PTV injector coupled with a Thermo Electron Inc. Tempus TOF-MS.
The PTV injector with 2mm deactivated glass liner was run in solvent-split mode with a
constant septum purge and a 0.4 ml/min constant He carrier gas flow, and the TRACE
GC was equipped with a 10 m (0.10 mm i.d., 0.10 wm film thickness) Restek Rix-1
column. The initial GC oven temperature was 40°C, which was held for 3 minutes, after
whicﬁ the temperature was ramped at 75°C/min to 120°C and 37°C/min to a final
temperature of 320°C, which was maintained for 4 minutes. The Tempus TOF-MS was
tuned and mass calibrated prior to the run and was operated at an acquisition rate of 20
spectra/second. The Xcalibur software package was used to process chromatographic
and spectral data. The entire data set was automatically processed using the Xcalibur
ICIS peak identification and area determination algorithm. Several types of useful lipid
biomarkers were selected for analysis via this manner of data processing. Concentrations
of FAME:s and n-alkanols were determined by comparison with authentic external

standards analyzed at the same time as the samples and under the same conditions.
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Response factors for all other compounds were determined by comparing their
chromatographic peaks in the TIC of a representative sample (93 cm) with that of the Cy;
n-alkane internal standard, and then adjusted for quantitation using the extracted ion
chromatograms. Concentrations determined in this manner are not accurate due to co-
elution between compounds in the TIC, and should thus be considered as estimates.
However, the chosen response factors were applied uniformly to each biomarker
throughout the record and thus do not interfere with interpretation of patterns of
variability in concentration. Total carbon, total organic carbon, and total nitrogen
contents of each sediment sample, as well as total sulfur of a subset of TLEs, were
determined via elemental analyzer (Carlo Erba EA1108). Results of GC/TOF-MS and

other analyses are presented in Appendix C.

Results and Discussion

Bulk Sediment Characteristics

Organic Carbon Content Total organic carbon (C,,) varied between 2.0 and
14.6% in 1228D sediments with relative minima immediately overlying the hiatus (~14.7
ka) and at about 9 ka (see Figure 4-2). Values were generally greatest during the last 7
ka, although the record is also most variable during this period. Sharp local minima are
present at 0.5, 1.4, 4.0, and 6.4 ka, and a broader local minimum is centered at about 2.0
ka. Biomarker contents were examined over the entire time period from the hiatus to the

present, which, based on the variability observed in the percent C_, record, is expected to

span several periods in which environmental conditions differed. Differences in
sedimentary organic carbon content over this interval may be driven by changes in sea
surface productivity, likely associated with upwelling strength, or preservation.

Nitrogen Content Total nitrogen was also measured in 1228D sediments and the
C/N ratio was determined (Figure 4-3). Before 9 ka, the C/N record roughly resembles
%C

values in between. The C/N record is relatively stable after about 7.1 ka, implying that

with local minima in the oldest part of the record and at about 9 ka and higher

org

much of the biomarker variability during the Holocene is governed by changes in
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Figure 4-2
Peru Margin Weight % Organic Carbon
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Figure 4-3
Peru Margin Carbon/Nitrogen
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composition of planktonic biota and not by any large changes in terrestrial versus marine
inputs or preservation. A plot of total organic carbon versus total nitrogen revealed that
there is little inorganic nitrogen present in sediments at Site 1228D throughout the record
(y-intercept of linear trend line is approximately 0). Henrichs and Farrington (1984)
measured lower C/N in a core-top sample from the middle of the Peru Margin OMZ than
in a nearby deeper core that was bathed in oxygenated bottom water (8.3 compared to
9.5). If this pattern were representative of greater organic matter degradation outside of
the OMZ, the low C/N values observed at 9 ka and early in the record would imply
enhanced preservation. However, this inference is not borne out in the %C,,, record,
which also has minima at these times. Indeed, Henrichs and Farrington (1984) observed
that TOC and C/N records within the top meter of Peru Margin sediments do not
necessarily co-vary both within the OMZ and below it, suggesting that C/N is influenced
by factors other than just preservation. Reduced C/N values at about 9 ka may be
consistent with bacterial degradation of organic matter, which could simultaneously
reduce sedimentary %C,, and C/N. However, reduced concentrations of bacterial
biomarkers at 9 ka are not consistent with a discrete period of enhanced bacterial activity
at this time. Alternatively, the low C/N values may simply reflect reduced inputs from
carbohydrate-rich (high C/N) organisms such as diatoms or the sulfur-oxidizing bacteria
Thioploca.

Sellner et al. (1983) investigated phytoplankton assemblages and particulate
organic matter (POM) C/N in euphotic zone water samples from the Peru Margin,
spanning recently upwelled near-shore waters to offshore advected surface water that had
undergone nutrient drawdown. They observed that near-shore, nutrient-rich waters
supported burgeoning diatom populations with a POM C/N of about 6 and high cell
densities. Farther offshore, cell densities dropped, populations of dinoflagellates and
zooplankton increased, POM C/N increased to above 8, and the lipid portion of POM
increased. These results demonstrate that surface water processes related to upwelling
and nutrient supply can have important effects on the nature of the lipid matter preserved

the sediments and that C/N variability can occur independently of preservation effects.
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Based on the results of Sellner et al. (1983), the C/N minima in the early, middle, and late
parts of my record may represent a shift to more recently upwelled, nutrient-rich water
over the site. In this case, the reduced POM lipid content determined by Sellner ez al.
(1983) for these conditions would be consistent with the reduced biomarker
concentrations observed at these times, even in C,,-normalized biomarker data. The C/N
values measured in 1228D (8.0-14.2) are greater than those described above for surface
water POM, perhaps reflecting degradative processes and/or inputs of terrestrial vascular
plant derived organic matter. Other processes such as winnowing and sediment
redistribution may also have played a role in creating the event at about 9 ka.
Bergamaschi et al. (1997) recorded lower C/N values for Peru Margin grain sizes 50-500
um compared to those 0.5-26 um (average values of ~7 compared to 10). Based on these
results, which are consistent with absolute C/N values, the low C/N values in the record
could also have resulted from the winnowing of fine-grained material.

Grain Size Effects In Peru Margin sediments, as in other settings, preservation
of organic matter appears to be aided by association with mineral matter (Bergamaschi et
al., 1997). Bergamaschi et al. (1997) found that much of the organic carbon in Peru
Margin surface sediments (13°31°S, 106 m, bulk C,, 6.6%) is associated with the 5-11
um size fraction, which also presents the largest amount of surface area. They
determined that the poorest preservation was in the 50 um size fraction, which provided
relatively little surface area and could support only 1.5 Wt.% C,,. Above the hiatus, the
minimum amount of C,, in 1228D sediments is 2.0%, so preservation does not appear to

be limited by grain size effects.

Biomarker Identification Via GC/TOF-MS

In order to test the ability of GC/TOF-MS to separate a wide range of biomarkers
from a complex TLE, I investigated compounds from a variety of molecular classes that
were expected to be present in Peru Margin sediments. TLEs were minimally treated
prior to analysis so as not to eliminate any compounds of interest. A transesterification

and silylation were performed to improve chromatography of compounds with functional
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groups, but no procedures were performed that separate a TLE into fractions by design,
such as silica gel chromatography or urea adduction. GC run times were kept
purposefully short (13.5 minutes) to increase signal and assess the capabilities of TOF-
MS used in conjunction with fast-GC for rapid sample throughput. The conditions of this
study, namely the complexity of these organic matter-replete samples and the use of fast-
GC, were intended to test the methods under the highest degree of difficulty. Generation
of a high-resolution, multi-molecular record from Peru Margin sediments using these
simplified sample preparation methods demonstrates the utility of GC/TOF-MS and
shows that this analytical scheme can be applied to samples from other locations and
environments.

A GC/TOF-MS partial chromatogram from the 89 cm (~2.6 ka) sample is
presented in Figure 4-4 as an example. This sample was deposited during the late
Holocene, which is characterized by increased input and/or preservation of organic matter
(12.4% C,,,). Figure 4-4 is a total ion chromatogram (TIC), which is comprised of the
summed responses of all ions collected during each acquisition event. This TIC is typical
of all 1228D samples studied. Because ions are collected nearly continuously by the
TOF-MS, the TIC is roughly analogous to a chromatogram produced by GC-FID. Many
peaks are readily observable on the TIC although the elevated, shifting baseline
represents an unresolved complex mixture (UCM) that obscures many compounds of
interest, especially those occurring at low concentrations. The compounds in this
complex sample often co-elute and are not fully resolved, rendering them difficult to
quantify on the TIC. Indeed, many of the compounds of organic geochemical utility elute
over a span of just 4 minutes, between 7 and 11 minutes, and their peaks are on the order
of only 2 to 3 seconds wide. It would be possible to further reduce the GC run time, but
the mixture of solvents used in this study (BSTFA, pyridine, and dichloromethane)
produced a solvent peak that persisted past 7 minutes, so the initial temperature ramp was
lengthened to provide adequate separation of low-volatility compounds from the solvent

peak.
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Figure 4-4
Peru Margin TIC (89 cm)
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GC/TOF-MS total ion chromatogram of 89 cm sample. Sterols generally elute
between 9.5 and 10.5 minutes. The broad solvent peak at the beginning of the run is
not depicted.
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In order to identify and measure specific biomarkers in complex samples,
extracted ion chromatograms (EICs) are generated from one or more ions that are
representative of individual compounds or a class of compounds. For example, Figure 4-
5 is an EIC of m/z 74 + 87, which is characteristic of FAMEs. In this manner, clean
peaks with a stable baseline are culled from a noisy TIC. Unlike conventional mass
spectrometers, the peaks generated by GC/TOF-MS contain comprehensive spectral
information at all acquisition points, so even sub-second wide peaks could be faithfully
identified and quantified from EICs. As a further example, Figures 4-6a and 4-6b exhibit
the C,¢ n-alkanol peak (EIC of m/z 439) from the 89 cm sample and its summed mass
spectrum, respectively. The FAMEs and n-alkanols identified via EIC generally occur in
low enough concentrations that they are not observable on the TIC, thus demonstrating
the utility of this analytical method for “mining” biomarker information from parts of the
chromatogram heavily impacted by the UCM. Figure 4-7 depicts EIC peaks of the
individual sterols cholesterol, cholestanol, brassicasterol, B-sitosterol, and dinosterol,
which all appear on the TIC, but not as baseline-resolved, quantifiable peaks. The utility
of the broad-scale linearity provided by the stacked detector array is evident in the ability
of the instrument to provide quantifiable peaks for both the low concentration n-alkanols
and the enriched marine sterols. One drawback of the TOF-MS is that it appears to lose
sensitivity at very high masses (m/z >~500). For this reason, I was not able to quantify
the C;, unsaturated methylketones that have been used as a proxy for sea surface
temperature, and that are typically some of the last compounds to elute using capillary
GC.

Table 4-1 lists compounds that were positively identified in these Peru Margin
sediments and their probable sources. The only biomarker shown on the table that
proved difficult to isolate by EIC was the C,; n-alkanol, for which all representative ions
were present in the background spectrum at the time it eluted. The biomarkers chosen for
this study were selected because they represent terrestrial and marine sources and a range
of important source organism classes. A caveat about many of these compounds is that

they are not exclusive to the sources that are listed, and thus interpretation of biomarker
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Figure 4-5
Peru Margin Fatty Acid (as FAME) EIC
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Figure 4-6a
Peru Margin C, n-Alkanol (EIC, m/z=439)
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C,, n-alkanol (a) chromatographic peak (extracted ion chromatogram; m/z = 439) and
(b) characteristic mass spectrum (89 cm).
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Figure 4-6b
Peru Margin C,, n-Alkanol Mass Spectrum
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Peru Margin Sterol and Stanol EICs
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records must be tempered by the fact that they may be describing productivity of
unanticipated or unknown source organisms. However, in Peru Margin sediments, it is
reasonable to assume that organic inputs to the sediments are predominantly
phytoplankton (esp. diatom) related or reflect heterotrophic consumption of algal

biomass.

Data Quality Assessment

An important benefit of the enhanced speed of GC/TOF-MS analyses is the ease
of including replicate analyses and blanks in long run sequences, which effectively
improves data quality by providing a reliable estimate of instrumental error. Of the 100
samples reported in this study, 68 were analyzed in duplicate or triplicate. Also, 28
blanks were interspersed throughout the run. The error estimates and blank levels for
each biomarker are reported in Table 4-2. Errors in biomarker concentration are reported
as the pooled standard deviation of all replicate analyses in the data set. The variance of
each replicate analysis was calculated and all of the individual variances were then
summed and divided by the total number of replicates (duplicates were counted as one
replicate measurement and triplicates were counted as two) to arrive at pooled variance.
Pooled standard deviation was determined by calculating the square root of the pooled
variance. Blank concentrations were determined by averaging the results of all blank
measurements and applying the same response factors that were used to determine
biomarker concentrations. Blank values are reported as the amount of the compound
expected in an original TLE in order to put them on the same scale as the samples.

Error bars are depicted separately on plots of biomarker concentrations that are
normalized to grams dry weight sediment (g dws), and are expressed as 2 times the
pooled standard deviation (+ pooled standard deviation in pg/g dws). In some cases, the
errors can obscure low-amplitude, short-term variability (e.g. for Cy fatty acid, phytane,
and cholesta-3,5-diene), but do not affect interpretation of high-amplitude changes or
long-term trends. Blank concentrations are greatest for the C,s and C,, fatty acids, for

which they average 0.38 and 0.37 pg, respectively. These values are <39% of the
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Table 4-2
Data Quality Parameters for Individual Biomarkers

Biomarkers Pooled Standard Deviation Blank Concentration
(pg/g dws) (ug/TLE)

[

Cyq FAME

Dinosterol
c3p 15 keto-ol

Pristane 0.88 0.033




measured response in the samples with the smallest C, and C,q signals. For all other
compounds analyzed in this study, average blank values are 0.07 ug or less. These
values are insignificant compared to concentrations detected in the samples and thus have
no bearing on interpretation of the biomarker records. Blank results demonstrate that

carry-over between individual analyses is not an issue of concern.

Biomarker Concentration Records

Acyclic Isoprenoids Phytol concentration records, reported as pg/g dws and as
normalized to the amount of C,,, extracted, are presented in Figure 4-8. Normalizing
biomarker concentration records to the amount of C,, extracted essentially removes the
dominant component of variability observed in the bulk C,, record and permits further
interpretation of individual biomarker variability. The C,,-normalized phytol record is
very similar to the original concentration record, suggesting that phytol is recording
general primary productivity. The phytol records resemble that of %C,, (Figure 4-9), as
would be expected if the majority of the C,, deposited and preserved in Peru Margin
sediments is derived from primary producers such as diatoms. Both the phytol and %C,,
records exhibit similar patterns of change before 9 ka, with reduced concentrations in the
oldest part of the record and again at about 9 ka and relatively higher concentrations
centered around 11 ka. After 9 ka, concentrations in both records increase to persistently
elevated values and exhibit the greatest variability from about 7 ka to the present.

Patterns of late Holocene variability are not the identical in the phytol and %C,,
records, although they contain some similar features. For example, the post-9 ka
concentration increase does not have the same timing in both records. In the %C,,
record, the increase is sharper and begins in earnest immediately after 9 ka, whereas the
comparable increase in the phytol concentration record is delayed and occurs in two
stages at about 7.5 and 6.5 ka, potentially because phytol is very labile compared to other
compounds and is poorly preserved before 7.5 ka (Hoefs et al., 2002). With the
exception of the point at 0.5 ka, the four sharp minima in the mid to late Holocene section

of the %C,,, record are not reproduced in the phytol record. Similarly, many of the data
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Figure 4-8
Peru Margin Phytol Concentration
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Figure 4-9
Peru Margin Phytol Concentration and Weight % Organic Carbon
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points representing maxima and minima in the phytol record are unremarkable in terms
of %C,,. However, both records contain broad regions of reduced concentration at about
2 ka and in the most recent part of the record. The relationship between phytol and %C,,,
throughout the records implies a general dominant forcing on productivity or
preservation, such as upwelling or bottom water oxygenation, with strong variability in
the activities of specific precursor organisms, especially during the Holocene. Upwelling
strength is a likely forcing mechanism for phytol and %Corg variability because it can
affect both productivity and preservation simultaneously, through surface nutrient supply
and changes in demand on bottom-water oxygen, respectively.

In addition to phytol, pristane and phytane, which are potential degradation
products of either phytol or archaebacterial ether lipids (Rontani and Volkman, 2003),
were detected. These compounds exhibit similar patterns of variability whether they are
normalized to g dws or C,, (Figures 4-10 and 4-11). Variability in the early part of the
pristane and phytane records resembles that of phytol, although increasing phytol
concentrations between about 7.5 and 5.8 ka are not observed in the other records. After
5.3 ka, variability in all three records is similar and the sharp concentration maxima in the
phytol record are also found in pristane and phytane. The overall similarities between the
phytol, pristane, and phytane records suggest that variability in all of their concentrations
is forced by large-scale processes, such as upwelling, that control their production and
preservation. If oxidation were the dominant process controlling biomarker variability,
one may expect to observe enhanced abundances of pristane during periods of low phytol
concentration, which was not the case in the 1228D records. A possible model to explain
the variability observed in the acyclic isoprenoid concentration records is that
preservation potential in Peru Margin sediments is generally high and upwelling drives
changes in algal and archaebacterial inputs alike. Highly branched isoprenoid alkenes,
which can be employed as diatom molecular markers, were not detected, possibly due to
selective degradation or reaction with sedimentary sulfur during early diagenesis
(Sinninghe Damsté et al., 1999), although no evidence was found for the latter (see

below).
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Figure 4-10
Peru Margin Pristane, Phytane, and Phytol Concentrations
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Figure 4-11
Peru Margin Pristane, Phytane, and Phytol Concentrations Normalized to
Organic Carbon
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Steroidal Compounds Concentration records of many of the other compounds
listed in Table 4-1 bear a broad resemblance to the %C,,, and phytol records (Figure 4-
12), reinforcing the hypothesis that there is one dominant factor controlling productivity
and/or preservation over the last 15 ka. For example, cholesterol and cholestanol, which
vary in unison, strongly resemble the %C,,, and phytol records before 9 ka and exhibit the
same increase in concentration afterwards. Concentrations of these biomarkers are highly
variable during the late Holocene, with a reasonably similar pattern of variability to
%C,, Brassicasterol and B-sitosterol concentration records very strongly resemble those
of cholesterol and cholestanol, implying commonalities between diatom productivity and
overall surface activity, including zooplankton. Cholesterol is common to many marine
phytoplankton and zooplankton and is interpreted as an integrator of total sea surface
biota (Schouten et al., 1998). All of these sterols exhibit somewhat periodic variability
beginning at 5.8 ka with steadily greater and broader concentration peaks centered at 5.8,
4.5, 2.5, and 1.1 ka, and relative minima following each peak.

Plots of sterol concentration normalized to organic carbon (Figure 4-13) allow
investigation of unique patterns of variability that may arise independently of overall
organic matter delivery or preservation. Generally increasing concentrations after 9 ka
suggest that the planktonic biota producing these biomarkers are increasing in
productivity over time even relative to bulk organic matter inputs. Alternatively, the
biomarkers may be more labile than bulk C,, and are thus more degraded with depth
(Hoefs et al., 2002). All of the sterol records except dinosterol exhibit a strong peak in
the early part of the record at about 13.3 ka that is not observed in the normalized phytol
record, implying enhanced produétivity of specific eukaryotic precursors at this time, as
well.

The Peru Margin sediments used in this study were also examined for cholesterol
degradation products in an effort to assess the preservation of steroidal biomarkers.
Cholesta-3,5-diene and cholest-2-ene, which are degradation products of cholesterol and
cholestanol (e.g. Mackenzie et al., 1982), respectively, were tentatively identified in all

samples. A compound with spectral characteristics consistent with another cholestene
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Cholesterol (pg/g dws)

Figure 4-12a
Peru Margin Cholesterol and Cholestanol Concentrations
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Brassicasterol (pa/g dws)

Figure 4-12b
Peru Margin Brassicasterol and (3-sitosterol Concentrations
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Figure 4-13
Peru Margin Sterol Concentrations Normalized to Organic Carbon
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eluted immediately after cholest-2-ene, but could not be positively identified due to low
response. The compound tentatively identified as cholesta-3,5-diene matches the mass
spectrum of this compound in the spectral library, but elutes shortly after cholest-2-ene,
which is not typical of compounds with additional unsaturation sites. If this compound is
not cholesta-3,5-diene, its similar mass spectrum implies that it is very closely related
structurally, and thus may still be derived from cholesterol diagenesis. The concentration
records of cholesta-3,5-diene and cholest-2-ene are presented in Figure 4-14. The choice
of normalization to either g dws or organic carbon does not affect interpretation of the
records. Records of both compounds are similar to those of cholesterol and cholestanol
in that they exhibit the same minima at about 14.5 and 9.0 ka, followed by gradually
increasing concentrations throughout the remainder of the Holocene (Figure 4-15). The
observation that the parent and degradation products have similar patterns of variability
suggests good preservation of sterols in 1228D sediments. A hypothesis for this
relationship is that degradation occurs chiefly in the water column and/or at the sediment
surface, and the sedimentary record faithfully records changes in inputs. A number of
other compounds related to cholesterol diagenesis (Mackenzie et al., 1982) including
cholestanone, cholest-4-ene, cholest-5-ene, cholestane, and diacholestane were not
detected, although either of these cholestenes could have been the small peak that eluted
immediately after cholest-2-ene. The absence of these compounds, especially the heavily
degraded sterane and diasterane forms, further supports the hypothesis that steroidal
compounds are generally well preserved in 1228D sediments.

The record of dinosterol, which is characteristic of dinoflagellate inputs, is
roughly similar to the other sterols, although its concentration record contains a unique
early and intense peak at 6.3 ka (Figure 4-13). Around this time, there may have been a
change in environmental conditions that favored dinoflagellate productivity over diatoms.
Currently, dinoflagellate productivity on the Peru Margin is greatest in the austral spring
and summer when upwelling is relatively reduced in strength; dinoflagellate blooms have
also been observed during El Nifio conditions (de Mendiola, 1981). By extension,

oceanographic conditions at 6.3 ka may have been more characteristically El Nifio- or
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Figure 4-14
Peru Margin Cholest-2-ene and Cholesta-3,5-diene Concentrations
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Figure 4-15
Peru Margin Cholesterol and Cholesterol Degradation Product
Concentrations
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summer-like, with a deeper mixed layer. Roughly similar to the results of this study,
McCaffrey (1990) demonstrated that the greatest concentrations and variability of sterols
occurred in the top ~60 cm of a 1 m Peru Margin core and that dinosterol can vary
independently of other sterols.

In addition to dinosterol, 1228D chromatograms were examined for the presence
of other dinoflagellate marker compounds and dinosterol degradation products.
Dinostanol, which is produced by at least several dinoflagellate species (Piretti et al.,
1997), was routinely detected in 1228D sediments. Records of dinostanol and dinosterol
normalized to g dws and organic carbon are presented in Figures 4-16 and 4-17. Apart
from higher amplitude variability in the earliest part of the C,-normalized record, the
two records are similar. Interestingly, the dinostanol record bears a greater resemblance
to brassicasterol and f-sitosterol concentration records than it does to dinosterol, most
notably through the lack of the dramatic concentration increase centered at about 6.3 ka
that characterizes dinosterol. This notable absence in the dinostanol record is not likely
due to diagenesis because dinostanol is expected to be more refractory than dinosterol. A
more likely explanation for the differences between dinosterol and dinostanol is that they
are derived from different sources. For example, dinostanol may have been produced by
a different species of dinoflagellate than dinosterol, possibly one that occupies a different
environmental niche, or dinostanol has a different algal source. Piretti ef al. (1997)
documented variability in the relative amounts of 4-methyl sterols produced by different
species of dinoflagellate. The dinostanol concentration record is also subject to slightly
greater inherent error than the records of other steroidal compounds because dinostanol
often co-eluted with 4-methyl-24-ethylcholestan-3-ol, which has been detected in
dinoflagellate culture experiments (Piretti et al., 1997) and has a nearly identical mass
spectrum to dinostanol, rendering them difficult to separate via EIC. Because 4-methyl-
24-ethylcholestan-3-ol peaks were much smaller than those of dinostanol, they could not
be quantified in this study. The 4-methyl steroidal ketones dinosterone and dinostanone,
which were detected in a culture study of the dinoflagellate Pfiesteria piscicida (Leblond

and Chapman, 2004), were not detected in 1228D sediments. Variations in 4-
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Figure 4-16
Peru Margin Dinosterol and Dinostanol Concentrations
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Figure 4-17
Peru Margin Dinosterol and Dinostanol Concentrations Normalized to
Organic Carbon
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methylsterols produced by different species of dinoflagellates may account for their
absence. Dinosterane and 4o-methyl-5a.-cholest-2-ene (mass spectra obtained from
Summons et al., 1987; Rechka et al., 1992), which are potential 4-methylsterol
degradation products, also were not detected. The absence of these compounds points to
excellent preservation of original dinoflagellate inputs, and thus supports unbiased
interpretation of their stratigraphic records.

n-Alkanoic Acids, n-Alkanols, and n-Alkanes The post-9 ka concentration
increase is more dramatic in biomarker records of marine inputs than in that of the Cy
fatty acid, which is presumably representative of terrestrial vascular plant inputs
(Eglinton and Hamilton, 1967). However, the overall C, fatty acid concentration record
(/g dws) is roughly similar to %C,,, and phytol in that there is a local minimum in the
early part of the record and again at about 9 ka, followed by a trend of generally
increasing concentration towards the present (Figure 4-18). Many specific features of the
C, fatty acid record do not match all of the marine records, though, such as the broad
peak centered at about 6.9 ka. This peak is observed in the C,; n-alkanol record, which is
also likely derived, at least in part, from terrestrial vegetation, and the diol and keto-ol
records (Figure 4-19), for which a common source is less obvious. Similarities between
the records of long-chain fatty acids and n-alkanols, which are most likely derived from
terrestrial vascular plants, and marine productivity indicators such as the C;, diol do not
necessarily imply contributions from a marine source for the former compounds. Rather,
large-scale climate processes likely affected production and/or delivery of both terrestrial
and marine organic matter simultaneously.

Greater differences between marine and terrestrial biomarkers are observed for
the C,,, normalized data compared to the original concentration records. For example,
the C,, fatty acid reaches a maximum normalized concentration at about 8.3 ka when
marine inputs still appear uniformly low (Figure 4-18). If the %C,,, record represents
predominantly marine organic matter, as would be expected beneath the productive Peru
upwelling zone, then this implies that greater relative inputs of terrestrial material

occurred at this time. Average bulk 8"C values of —21.3 %o throughout the record (see
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Figure 4-18a
Peru Margin C, FAME and C,; n-Alkanol Concentrations
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Figure 4-18b
Peru Margin C,, FAME and C,, n-Alkanol Concentrations Normalized to
Organic Carbon
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Figure 4-19
Peru Margin C;, 1,15-alkan diol and C;, 15-keto-ol Concentrations
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Chapter 5) support a predominantly marine origin for organic matter in Peru Margin
sediments. Longer-chain fatty acid homologues (=C,) exhibited more depleted 8"°C
values than bulk organic matter (see Chapter 5), implying that they are indeed derived
from a different (i.e. terrestrial) source.

The C4 fatty acid C,,-normalized record is similar to the original concentration
record, but the Cg fatty acid exhibits a sizable and broad new peak centered at about 8.7
ka and extending back through the 9 ka %C,,, minimum (Figure 4-20). These results
imply a different source for the Cg fatty acid at this time, which is the only area of
apparent dissimilarity between these two fatty acids. However, it is difficult to determine
the nature of the source because C,g is common to many marine organisms and could also
be derived from terrestrial vegetation. The Cy, fatty acid is the only C,-normalized
compound I observed with relatively increased concentration at 9 ka. McCaffrey et al.
(1989) observed the C,4, and to a lesser extent the C,g, fatty acid in lipid extracts from the
sulfur-oxidizing bacteria Thioploca, which is often found on the surface of sediments in
the Peru Margin OMZ and may have been present at Site 1228D. However, the most
abundant fatty acid in Thioploca is the unsaturated compound C,q,; (McCaffrey et al.,
1989), which was not detected in samples from Site 1228D at about 9 ka. The C,q, fatty
acid is most likely not present in this interval because it is preferentially degraded, but
possibly because Thioploca mats were not present. Ultimately, the source of the
enhanced C fatty acid concentrations at 9 ka remains uncertain.

n-Alkanes were routinely detected in Peru Margin sediments, but were not
reported due to suspicion of contamination. n-Alkane homologue distributions with a
strong odd-carbon-number predominance can be utilized as vascular plant leaf wax
biomarkers (e.g. Eglinton and Hamilton, 1967), but n-alkane distributions with little
carbon number preference are suggestive of petrochemical contamination. The n-alkanes
observed in this study all exhibited little or no carbon number preference. McCaffrey
(1990) observed n-alkanes in the topmost 1 m of Peru Margin sediments with
distributions that were consistent with leaf wax sources (CPI ~3-8), so the absence of this

distribution pattern in 1228D sediments suggests contamination, either intrinsic to the
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Figure 4-20a
Peru Margin C,, and C,; FAME Concentrations
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Figure 4-20b
Peru Margin C,4 and C,;; FAME Concentrations Normalized to Organic
Carbon
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sediments or resulting from coring or laboratory practices, which overwhelms any leaf
wax signal. Due to uncertainties about their source, n-alkanes were not employed as
biomarkers in this study.

Alkan Diols and Keto-ols Other marine biomarkers, such as C,¢ and C; fatty
acids, C;, 1,15-alkan diol, and C,, 15-keto-ol exhibit concentration maxima late in the
1228D record, but display different variability than the sterols, once again indicating
complex changes in the planktonic community over the past 9 ka (Figure 4-21).
Interestingly, the C,, diol and keto-ol records are the only ones that have such a dominant
peak at 0.7 ka. These records suggest that the putative precursors — eustigmatophytes
(Volkman et al., 1992) — on the Peru Margin, among any other source organisms of long-
chain diols, respond to different environmental stimuli or exhibit different seasonal
growth patterns than other primary producers, such as diatoms. Given uncertainties in
the range of organisms that produce these compounds, the paleoenvironmental
significance of variability in their records is difficult to determine.

Hopanoids C,, C;,, and C;, hopanols (analyzed as trimethylsilyl derivatives),
which are bacterial biomarkers, were detected in many of the samples analyzed in this
study. The C;, and Cs, hopanols generally occurred at higher concentrations than C;,
(Figure 4-22). C;; hopanols could not be analyzed because the GC run ended prior to
their expected elution time. The pattern of variability observed in the hopanol records
generally parallels that of many of the marine algal marker compounds with elevated,
highly variable concentrations throughout the Holocene after 9 ka, at which time there
was a concentration minimum. These hopanols demonstrate the presence of bacteria in
1228D sediments, but the consistencies between the hopanol and algal biomarker records
argue against sizable biasing of other biomarker records from bacterial degradation.
Rather, bacterial inputs appear to match those of planktonic algae, suggesting that they
are similarly derived from water column and/or sediment surface processes. Other
common bacterial biomarkers such as fernene, diploptene, hop-17,21-ene,

17B(H),21B(H)-homohopane, and 28-nor-17a(H)-hopane, some of which have been
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Figure 4-21
Peru Margin C,;, 1,15-alkan diol and C;, 15-keto-ol Concentrations
Normalized to Organic Carbon
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Figure 4-22
Peru Margin Hopanol Concentrations
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previously detected in other Peru Margin sediments (McCaffrey, 1990; ten Haven et al.,
1990), were not detected in sediments from this study.

Biomarker Ratios The very strong relationship between cholesterol and
cholestanol in Peru Margin sediments suggest that they may be related through
production in common source organisms, or as parent and a daughter degradation
product. Figure 4-23 depicts ratios of cholesterol/cholestanol and C;, 1,15-alkan diol/C;,
15-keto-ol over the entire record. The sterol-to-stanol ratio shows moderate variability
with a gradual decrease over time, possibly implying a change in source apportionment
(e.g. a gradual decrease in zooplankton activity relative to phytoplankton), a change in
distribution within a class of organisms, or better preservation in older sediments.
Interestingly, two of the most prominent peaks in the record occur at 14.7 and 9.1 ka
when %C,,, was lowest. Assuming that the preservation potential was greatly reduced at
these times, the cholesterol/cholestanol ratio appears to be insensitive to factors
controlling organic matter degradation.

The C;, diol/keto-ol ratio, which is also used to infer changes in preservation,
exhibits greater amplitude variability than cholesterol/cholestanol and a different pattern
of change. The C;, 15-keto-ol may be a better proxy for degradation than cholestanol
because it has fewer known biological sources that are not related to degradation
(Ferreira et al., 2001). The C;, diol/keto-ol ratio suggests better preservation after 9 ka,
consistent with the %C,, and phytol records, and is highly variable throughout the rest of
the Holocene. Between 9.0 and 3.6 ka, the diol/keto-ol ratio bears some similarity to the
cholesterol record, implying a preservation overprint, but they take on a roughly opposite
appearance after 3.3 ka, underscoring the complexity of changes in biota and upwelling
on the Peru Margin during the late Holocene.

Biomarker Records Normalized to Phytol Figure 4-24 presents select
biomarker records normalized to phytol concentration, which provides another way to
investigate variability in specific compounds without a large productivity overprint. With
the exception of dinosterol, which in this case probably provides an estimate of the

dinoflagellate/diatom productivity ratio, the sterols show variability that is over-
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Figure 4-23
Biomarker Ratios
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Figure 4-24a
Peru Margin Cholesterol and Cholestanol Concentrations Normalized to
Phytol
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Figure 4-24b
Peru Margin Brassicasterol and B-sitosterol Concentrations Normalized to
Phytol
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(»g/ng Phytol)

Figure 4-24c
Peru Margin Dinosterol Concentration Normalized to Phytol
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Figure 4-24d
Peru Margin C,, 1,15-alkan diol and C;, 15-keto-ol Concentrations
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Figure 4-24e
Peru Margin C,4 and C;3 FAME Concentrations Normalized to Phytol
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Figure 4-24f
Peru Margin C,, C,5, and C;, FAME Concentrations Normalized to Phytol
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determined by the phytol normalization. The phytol-normalized dinosterol record
implies that dinoflagellates exhibited increased productivity relative to diatoms at about
6.2 ka, and the original biomarker concentration records support this observation.
Records of the C;, 1,15-alkan diol and C;, 15-keto-ol are similar to many of the sterol
records, suggesting a possible diatom source for these compounds. The short-chain fatty
acids (C,s and C,g) exhibit a somewhat different pattern of variability than the diatom-
related sterols, especially prior to 7.5 ka, implying contributions from other sources for
these compounds. Again, the greatest inputs of the C,q fatty acid, and also the C,, fatty
acid in this case, span the 9 ka minimum in %C,, and many of the biomarker records,
possibly due to bacterial inputs or other marine sources. The long-chain, terrestrial
vegetation derived fatty acid (C,, C,g, and Cy) records exhibit a unique peak at 8.3 ka
when normalized to phytol. This peak is also evident in the C,,, normalized Cy record,

demonstrating enhanced inputs of terrigenous organic matter at this time.

Multivariate Statistics

Principal component analysis (PCA) and factor analysis were performed on all
biomarker records (and %C,,) presented in this study in order to examine the
relationships between different compounds and identify those that can be best applied to
paleoclimate investigation. All statistical analyses were conducted using MATLAB
software. To normalize the biomarker data, the covariance matrix was computed from an
original matrix made up of 33 biomarkers and %C,,,, with 176 observations (including
replicates). The covariance matrix was then used in multivariate analyses. The first
eigenvalue determined through PCA accounted for 97.4% of the variability in the
biomarker records, with the next two accounting for 2.2 and 0.2%. All subsequent
eigenvalues combined accounted for about 0.1%. The overwhelmingly large first
eigenvalue almost certainly represents marine inputs, as would be expected for the
diatom-dominated upwelling regime. The second may represent terrestrial leaf wax
inputs to the sediments, which are expected to be small compared to marine inputs, but

nonetheless refractory.
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Three factors were chosen for factor analysis, which was believed to be an
appropriate number considering the large weighting on the first eigenvalue and
subsequent rapid decrease observed in the PCA results; after the first three eigenvalues,
the rest are virtually negligible. The factor analysis results are presented graphically in
Figure 4-25, with the first (x-axis) and second (y-axis) factors plotted in 4-25a and the
first and third in 4-25b. The individual compounds plot almost entirely in the first
quadrant of the graph because the results have been rotated using the Varimax algorithm
in MATLAB. As evidenced in Figure 4-25a, the first factor appears to define marine
versus terrestrial contributions, with most of the marine-derived biomarkers (steroidal
compounds, acyclic isoprenoids, short-chain fatty acids, C;, hopanol) plotting greater
than 0.6 on the x-axis and most of the terrestrial biomarkers (long-chain fatty acids and n-
alkanols) plotting below this value. %C,,, which is expected to be heavily influenced by
marine contributions, plots at an intermediate value. Further separation of the marine-
derived biomarkers is achieved with the second factor. All of the steroidal compounds
plot at values greater than 0.4 on the y-axis and the acyclic isoprenoids, C,; and C4 fatty
acids, C,¢ n-alkanol, and C;, hopanol p]dt below this value. This result may be due to
differences in source organisms, with steroidal compounds having been derived from
algae and the other cluster of marine compounds from a combination of algae and
bacteria. Alternatively, the differences between the marine biomarkers may have arisen
from disparities in reactivity or particle association. Interestingly, dinostanol plots about
as close to brassicasterol and (3-sitosterol as it does dinosterol, reinforcing the hypotheses
about this biomarker discussed earlier. The long-chain (=C,,) fatty acids and rn-alkanols
plot in clusters but separately, with the n-alkanols more heavily loaded on the second
factor. The reason for this difference is not obvious because both types of compounds are
expected to have a terrestrial plant leaf wax source (Eglinton and Hamilton, 1967),
although it may have resulted from differences in reactivity between the alcohols and
acids, or possibly analytical effects related to differing derivatization methods. The fact
that the long-chain fatty acids plot separately from other marine-derived compounds

supports their interpretation as terrestrial biomarkers. The C;, homologue, which is
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Figure 4-25a
Biomarker Factor Analysis — Factors 1 and 2
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Figure 4-25b
Biomarker Factor Analysis — Factors 1 and 3
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expected to be most purely terrestrial (see Chapter 5), plots lowest on the first factor and
apart from all other compounds, reinforcing the assumption that it has no algal or
bacterial sources in these sediments. Based on the results presented in Figure 4-25b, the
third factor appears to separate the fatty acids and n-alkanols much as the second factor
did, although in this case it is the fatty acids that are more heavily loaded. Again, the C,,
fatty acid occupies a unique region of the plot. The third factor, which accounts for a
very small fraction of the total variability, does not further separate the marine
compounds as well as the second factor. Factor analysis also revealed that the C;, alkan
diol and keto-ol and the C;, and C;, hopanols plot in different areas than the other marine
compounds and are less heavily loaded on the first factor. The reason for this difference
is not understood, as these compounds are almost assuredly derived from marine sources.
Steroidal compounds that formed through diagenesis plot near their parent compounds,
supporting the hypotheses that the original biomarkers are well preserved in Peru Margin
sediments, the majority of degradation occurs in the water column or at the sediment
surface, and the sedimentary records faithfully record water column processes.

Figure 4-26 plots the predicted factor scores for individual samples, with each
point representing a specific depth. Replicate analyses are represented by a .01 or .02
designation after the depth in cm. This analysis was conducted using the non-
standardized data as required in MATLAB, and thus is not entirely comparable to the
factor analysis results, although it is expected to be similar based on the inherent
similarities between the records. Replicate analyses generally plot near one another,
consistent with assessments of low instrumental error. Almost all of the depths below
200 cm, which represent ages older than about 9 ka, plot in the cluster of points centered
at x and y-axis values of about —0.5. Shallower depth points are scattered throughout the
plot, but are almost always more heavily loaded on factors 1 and/or 2. This pattern
distinguishes between the generally low biomarker concentrations and variability
observed prior to 9 ka and the higher concentration and variability portion of the records
following that time. Clearly, environmental conditions on the Peru Margin or in the

sediments were different before and after this transition point.
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Figure 4-26a
Biomarker Factor Analysis — Factor Scores for Individual Data Points
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The results of the multivariate analysis performed on the 1228D biomarker data
compare favorably with those of Yunker et al. (1995), who used PCA to identify different
sources of organic matter to the Mackenzie shelf. As was the case for the factor analysis
in the present study, the PCA performed on Mackenzie shelf sediments effectively
distinguished between marine and terrestrially derived compounds. Additionally,-both
analyses provided the ability to detect lesser modes of variability that differentiated
between marine compounds with potentially different sources, such as sterols and acyclic
isoprenoids. These findings demonstrate the utility of multivariate analysis as a tool for
understanding sources of individual compounds or classes of compounds to organic-rich

environments.

Controls on Biomarker Preservation

Selective Biomarker Degradation Variability in biomarker records could result
from changes in productivity or preservation of organic matter, potentially complicating
paleoclimate interpretations. Of the sterols produced in Peru Margin surface waters,
Gagosian et al. (1983) estimated that only 10-50% were transported out of the euphotic
zone and 1.5-6% were incorporated into the sedimentary record. Based on similar
biomarker and organic carbon profiles in two cores from the Peru Margin, one of which
was well within the OMZ and the other of which was close to its shallow limit,
Farrington er al. (1988) hypothesized that below the upper few centimeters, variability in
the biomarker records resulted primarily from changes in productivity.

In order to test preservation in the 1228D records, they were compared to the
study of Hoefs ez al. (2002), who investigated differential biomarker degradation rates in
a turbidite. According to their findings, the following Peru Margin biomarkers are
arranged in order of preservation potential from greatest to least: Cy, fatty
acid>cholestanol>dinosterol>phytol. Sinninghe Damsté et al. (2002) observed large
differences in preservation efficiency between compounds that had been deposited within
or outside of the OMZ on the Murray Ridge, and also identified differences in extent of

degradation between compound classes. Their findings were similar to those of Hoefs ez
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al. (2002) in that the C, fatty acid and C;, alkan diol and keto-ol were generally better
preserved than dinosterol. Although phytol and dinosterol are relatively labile under oxic
conditions, their Peru Margin records both exhibit concentration peaks (per g dws) that
are not observed in the Cy fatty acid record, and several dinosterol concentration peaks
are likewise not represented in the cholestanol record. Excellent preservation of these
more labile biomarkers strongly suggests that variability in the marine biomarker records
is primarily a productivity signal, at least after 9 ka. By comparison with the findings of
Sinninghe Damsté et al. (2002), the patterns observed in the Peru Margin records suggest
that Site 1228D remained within the OMZ during the mid to late Holocene. Volkman et
al. (1987) hypothesized that terrestrial organic matter may be preferentially preserved in
Peru Margin sediments compared to marine organic matter. Although the C, fatty acid
exhibits unique concentration maxima, p-sitosterol, which is derived from both terrestrial
and marine sources, strongly resembles other marine biomarker records instead of the Cy
fatty acid, implying that marine organic matter in 1228D does not strongly suffer from
preferential degradation and a biased signal.

Sulfur Incorporation The lipid composition of Peru Margin sediments could be
altered by sulfurization of functionalized compounds (Kohnen ez al., 1991), effectively
sequestering some biomarkers and thus biasing interpretation of stratigraphic records.
However, the results of Eglinton ez al. (1994) suggest that sulfur-bridging reactions do
not appreciably affect organic matter degradation within at least the upper 68 cm of these
sediments. To test for the presence of organically bound sulfur, a subset of 20 TLEs that
had already been treated with activated Cu to remove free sulfur, and that span the entire
depth range of 1228D sediments used in this study, was analyzed for total sulfur. The
highest measured blank response eclipsed all of the sample values with the sole exception
of the 257 cm sample, which was only 13% greater than blank level. Measured sample
responses approached the lower analytical threshold of the instrument, demonstrating that
the organically bound sulfur content of extractable lipids in 1228D sediments above the
hiatus is negligible. As a further test for sulfurization of Peru Margin lipids, the

chromatograms produced in this study were inspected for several lipid thiophenes and

206

]




thiolanes that are generated through sulfur incorporation. The compounds 3-methyl-2-
(3,7,11-trimethyldodecyl)-thiophene and 3-(4,8,12-trimethyltridecyl)-thiophene, which
were identified in deeper Peru Margin sediments (36.15 mbsf; Pliocene) by ten Haven et
al. (1990), were not detected in 1228D sediments above the hiatus. Similarly, the
thiophene and thiolane forms of highly branched isoprenoids identified by de las Heras et
al. (1997) in oil shales were not detected. The absence of these compounds and
appreciable amounts of bound sulfur in TLEs argues strongly against the sequestration of
biomarkers through sulfurization in the sediments used in this study. Based on these
findings, interpretation of 1228D biomarker records does not include influences from

sulfurization.

Conclusions

Given the relationships between many of the biomarker records and the %C,,, and
C/N records, sedimentary organic matter on the Peru Margin appears to be recording
different environmental phenomena before and after 9 ka. Prior to 9 ka, many of the
biomarker records, including those of terrestrial organic matter, resemble each other and
the %C,,, and C/N records, implying a dominant process affecting all sedimentary
organic matter, such as changes in bottom water oxygenation, sea level, or redistribution
of shelf sediments. Alternatively, similarities between terrestrial and marine biomarkers
may be due to large-scale climate processes that affect production and/or transport of
organic matter from both environments. After 9 ka, biomarker records with different
sources exhibit divergent and unique patterns of variability. Differences between
biomarker records from different precursors, such as were observed for marine and
terrestrially derived compounds, suggest that the mid to late Holocene sediments were
not subjected to intense winnowing or redistribution, but accurately preserve the records
of independent sources. Together, the biomarker records indicate that this time period on
the Peru Margin was characterized by rapidly evolving, centennial-scale changes in the
composition of planktonic communities, as well as variable delivery of terrestrial organic

matter. These changes are likely governed by changes in regional climate conditions, in
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particular through their effect on upwelling strength. These issues will be further
explored in Chapter 5.

The multi-molecular approach employed in this study allowed evaluation of the
extent and nature of sedimentary diagenetic processes that could have impacted
biomarker concentrations. Unique concentration maxima in records of labile biomarkers
imply that the variability in these records is primarily related to productivity and not
selective degradation. The records of cholesterol degradation products such as cholest-2-
ene and cholesta-3,5-diene (tentatively identified) were similar to those of their parent
compounds, which were in turn similar to bacterial hopanol records. These relationships
suggest that sterol diagenesis and bacterial activity are primarily water column or
sediment surface processes. Low bound-sulfur conterits of the total lipid extracts and the
absence of thiophene and thiolane biomarkers demonstrate that biomarker sequestration
due to sulfur incorporation does not impact the topmost 2.7 m of 1228D sediments.
Together, these observations are taken as evidence that 1228D biomarkers faithfully
record water column and surface sediment processes and are not heavily impacted by in
situ diagenesis, thus reinforcing their utility as paleoclimate indicators.

The Peru Margin biomarker records presented in this study demonstrate the value
of high-resolution biomarker analyses for interpreting sedimentary geochemical
processes and paleoclimate variability. These concentration records exhibit high-
frequency variability and abrupt changes, especially during the mid to late Holocene.
Lower-resolution records might not fully capture these patterns of variability and thus
bias interpretation of the records. GC/TOF-MS has proven to be an effective analytical
tool for generating multi-molecular stratigraphic records from complex sediment
samples. Biomarker records representing terrestrial and several trophic levels of marine
inputs were generated from Peru Margin sediments with minimal laboratory preparation
and analysis time. These very detailed records allow critical evaluation of how

biomarker records relate to one another.
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Chapter 5

Peru Margin Climate Variability Over the Last 15,000 Years: Marine and

Terrestrial Signals Embedded in a High-Resolution Multi-Molecular Record

Abstract

A recently developed analytical approach - gas chromatography coupled with
time-of-flight mass spectrometry (GC/TOF-MS) - was used to generate multi-molecular
records from Peru Margin sediments (11°S; 252 m), which were then used to infer
variability in upwelling, aridity, and El Nifio and the Southern Oscillation (ENSO) over
the last 15 ka. The Peru Margin, which is within the eastern tropical Pacific upwelling
zone, is well situated to directly monitor changes in ENSO behavior over time. Factor
analysis was used to examine relationships between the wide range of biomarker records
produced via GC/TOF-MS, thus aiding in identification of specific compounds that are
useful for paleoclimate investigation. Abundance records of dinosterol and cholesterol
were used to infer variability in El Nifio and La Nifia, respectively, because they provide
information about specific dinoflagellate inputs and upwelling strength in general. These
sterol records imply reduced strength of both El Nifio and La Nifia from about 12.9 until
an abrupt increase at 6.5 ka, and are punctuated by high-amplitude variability throughout.
The increased frequency/intensity of La Nifia during the mid-Holocene paralleled
changes in El Nifio. This description of the evolution of tropical Pacific climate during
the Holocene contrasts with the paradigm that it instead varied between El Nifio- and La

Nifia-like end-member states. Similarities between the Peru Margin cholesterol record
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and the eastern tropical Atlantic sea surface temperature record of deMenocal et al.
(2000) suggest that a strong and far-reaching tropical climate process affected upwelling
at both locations over the last 15 ka. I hypothesize that upwelling at both sites was
governed by changes in trade wind strength, which was in turn driven by ENSO
variability. Similarities between the Peru Margin terrestrial and marine biomarker
records and other Andean and South American records support the notion of broad-scale

changes in tropical atmospheric circulation throughout the Holocene and earlier.

Introduction

The abundance of organic matter preserved in Peru Margin sediments results from
perennial upwelling and a bottom water oxygen minimum zone (OMZ), and provides an
excellent opportunity for paleoclimate study using high-resolution molecular stratigraphic
records. Although many investigations have provided valuable insights into the nature of
organic matter production, deposition, and preservation on the Peru Margin (Gagosian et
al., 1983; Henrichs and Farrington, 1984; Volkman et al., 1987; Farrington et al., 1988;
McCaffrey, 1990; Eglinton et al., 1994; Arthur et al., 1998), attempts at paleoclimate
research have been limited by poor preservation of foraminifera. Existing regional
climate records have demonstrated that the eastern tropical Pacific (ETP) (Koutavas et
al., 2002) and western South America (e.g. Thompson et al., 1985; Thompson et al.,
1995; Thompson et al., 1998; Abbott et al., 2000; Baker et al., 2001) are sensitive to
climate changes on a variety of time scales, from glacial-interglacial to sub-decadal,
which may be related to variations in ENSO. As described in the previous chapter, fast-
gas chromatography coupled with time-of-flight mass spectrometry (GC/TOF-MS) is an
effective analytical tool for developing high-resolution, multi-molecular stratigraphic
records from marine sediments. In this chapter, the biomarker records generated in
Chapter 4 from ODP Site 1228D (Figure 5-1; 11°4’S; 78° 5°W, 252 m) will be used to
infer changes in productivity and upwelling on the Peru Margin and delivery of terrestrial

vascular plant matter to the sediments. These records span the last 14.7 ka, at a sampling
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Figure 5-1
Locations of South American Paleoclimate Records

Ov,

A0

Locations of ODP Site 1228D and terrestrial paleoclimate records of interest. Rivers
are shown and contours depict the extent of the Andes mountain range. Key: @ Ice
core record;’ Lake record;® Marine sediment core; - Other records.
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resolution of about 100 yr (true resolution is slightly lower because some sample results

were discarded).

Modern Climate Conditions on the Peru Margin

The general patterns of oceanic and atmospheric circulation on the Peru Margin
are described in detail in Chapter 4. Stable southeasterly trade winds along the coast
result in offshore Ekman transport and upwelling of nutrient-rich waters derived from the
poleward flowing Peru Countercurrent (PCC) (Smith, 1981). The strength of the PCC is
variable but sometimes great enough to winnow fine-grained sedimentary material from
shelf deposits. Site 1228D is located on the outer edge of the shelf and deeper than the
strongest poleward flow, which predominantly impacts sediments deposited at less than
100 m on the broader shelf to the North (Smith, 1981; Arthur et al., 1998). The OMZ,
which Arthur ez al. (1998) observed between depths of about 80 and 700 m, effectively
aids preservation of organic matter and inhibits the presence of benthic organisms that
could cause bioturbation. Although the southeasterly winds and upwelling persist
throughout the entire year on the Peru Margin, they are relatively enhanced during austral
winter (Fahrbach et al., 1981; Strub et al., 1998). Alongshore upwelling-favorable winds
are driven by the Pacific Subtropical Anticyclone and constrained by coastal topography.
North of ~5°S, atmospheric circulation on the western South American margin is
primarily driven by inter-tropical convergence zone (ITCZ) variability (Strub et al.,
1998).

Diatoms dominate surface productivity on the Peru Margin throughout the year,
although dinoflagellates, éoccolithophores, and other algal species have been observed
(de Mendiola, 1981; Sellner et al., 1983). de Mendiola (1981) determined phytoplankton
cell densities of about 1x10° cells L or greater throughout the year at 11°S, with greater
concentrations in austral summer and fall. During winter and spring, cells of maximum
surface productivity were shifted to the North along the margin. These findings
exemplify the patchy nature of Peru Margin productivity, which occurs in cells that vary

in strength and location over time. Using sediment traps, Gagosian et al. (1983)
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estimated that 1.5 to 6% of the sterols produced in the euphotic zone achieve burial in
Peru Margin sediments. These compounds were found to be predominantly diatom
related and were delivered rapidly to the sediment surface in association with
zooplankton fecal matter.

Terrestrial organic matter such as vascular plant derived biomarkers could be
delivered to Peru Margin sediments by fluvial or aeolian processes. Schneider and
Gagosian (1985) measured vascular plant waxes in Peru Margin marine aerosols and
calculated that aeolian delivery could only account for a small fraction of the terrestrial
lipids in the water column. By inference, the bulk of the terrestrial organic matter
reaching the sediments may be delivered through the small rivers that drain the western
flank of the Andes. Holmgren et al. (2001) observed that in southern Peru on the western
Andean flank there is little vegetation below about 2,400 m. Above 2,400 m, vegetation
grades from cacti and shrubs to grasses (found at ~3,300 — 4,300 m) with increasing
elevation. Although the adjacent coast is hyper-arid and supports little vegetation
(Holmgren et al., 2001), El Nifio events have historically brought increased precipitation
to parts of western Peru and drought conditions to the southeast part of the country
(Quinn et al., 1987). El Nifio related precipitation events near Site 1228D, such as those
recorded at Lima (Quinn et al., 1987), would be expected to wash soils and fresh
terrestrial plant matter onto the margin, where it is generally well preserved, possibly
through association with mineral surfaces (Gagosian et al., 1983).

ENSO is characterized by zonal migrations of peak equatorial Pacific sea surface
temperatures (SSTs) and associated convective regions, as well as changes in tropical
Pacific atmospheric and oceanic circulation (e.g. Philander, 1989). The Peru Margin
upwelling system is directly impacted by ENSO anomalies, given its low-latitude
position and connection to the equatorial ocean circulation system. Although El Nifio
conditions are associated with a reduction in strength of the Pacific Subtropical
Anticyclone, which drives atmospheric circulation over the Peru Margin, coastal winds
remain strong enough to produce upwelling (Smith, 1983; Strub et al., 1998). However,

a deeper thermocline results in upwelling of water that is relatively warm and low in
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nutrients (Strub et al., 1998). Concurrently, the strength of the PCC increases and warm
waters are transported poleward (Smith, 1983). The ITCZ is deflected southward (to
~5°S) during El Nifio, but not as far south as the study site (Strub et al., 1998).

It has long been thought that the increased stratification associated with El Nifio
events causes a reduction in primary productivity on the Peru Margin, and thus
diminished carbon export to the sediments (e.g. Cushing, 1981; Henrichs and Farrington,
1984). Late 20" century El Nifio events have had disastrous effects on the Peruvian
Anchoveta fishery (Escribano et al., 2004), and Henrichs and Farrington (1984) observed
a correlation between strong El Nifio events and reduced organic carbon content in Peru
Margin sediments since the mid-19" century. However, detailed biological and
geochemical studies of the 1997-1998 El Nifio off northern Chile revealed a shift to
smaller diatoms and zooplankton, but relatively stable primary productivity, especially in
near-shore areas (Ulloa et al., 2001; Escribano et al., 2004). Furthermore, elevated
dinoflagellate abundances and red tides have been associated with past El Nifio events
(de Mendiola, 1981; Quinn et al., 1987; Escribano et al., 2004). Caution must be taken
when inferring ENSO variability from biomarker records, as the specific effects of El
Nifio on Peru Margin productivity and carbon export are not well understood. For
example, McCaffrey et al. (1990) were not able to consistently resolve individual El Nifio
events in a 300-year Peru Margin alkenone-based sea surface temperature record,
possibly as a result of low sampling resolution or sediment winnowing. However, their
record appeared to identify periods of time since the late 17" century marked by repeated

strong events, as I hope to do in the present study.

South American Paleoclimate Conditions

Many terrestrial and marine paleoclimate records from western South America
and the ETP exhibit different modes of variability during the last 15 ka, although the
sense and geographic extent of these changes on a large scale is not fully constrained (see
Figure 5-1 for locations). On a glacial-interglacial time scale, Andean ice core proxy

records from Huascardn and Sajama imply a northward migration of the ITCZ and
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associated wet conditions after the last glacial period (Thompson et al., 1995; Thompson
et al., 1998). Existing South American Holocene paleoclimate records generally fall into
two categories; those that suggest an arid mid-Holocene and those that imply positive
precipitation anomalies:

Arid Records Several proxy records including benthic and planktonic organism
assemblages, carbonate content, and 8C of total organic carbon, all from Lake Titicaca
sediments, suggest a distinct period of lower lake levels from about 8.0-5.5 ka (Baker et
al.,2001). Similarly, pollen and charcoal analyses of Lake Titicaca sediments provide
evidence for a period of aridity, low lake levels, and increased occurrences of fire from
about 8.0-3.1 ka, with peak aridity at about 5.5 ka (Paduano et al., 2003). Estimates of
lake water 820 from sedimentary cellulose at Lago Taypi Chaka Kkota in Bolivia
indicate the rapid onset of an arid period at 6.2 ka, which then lasted to about 2.3 ka
(Abbott et al., 2000).

Wet Records The Holocene portion of the Huascarén ice core 8'°0 record is
relatively stable, but exhibits a broad maximum centered at about 6-8 ka, suggesting that
this was the wettest part of the Holocene in the northern Andes. Rodent midden(s and
their associated plant matter collected from the western Andean flank in southern Peru
(Arequipa) suggest stable, relatively wet conditions from 9.6 to 2.8 ka (Holmgren et al.,
2001). Additionally, Placzek ef al. (2001) determined that elevated lake levels at Lake
Aricota in Peru occurred between about 6.1 (or earlier) and 2.7 ka. Interestingly, Lake
Aricota is near Lake Titicaca, but is on the western edge of the Andes, while Lake
Titicaca is on the Altiplano, which is closer to the eastern edge of the mountain range
(Placzek et al., 2001). The opposite trends observed in the climate records from these
two sites imply that steep climate gradients have existed within the narrow geographical
range across the Andes. Beach ridge deposits at the outlet of the Rio Santa in Peru
support the notion of a wet western Andes, suggesting enhanced fluvial discharge events
prior to 6.7 ka (Wells, 1996). Calcite 8'°O records from Lake Junin, which is a high-
altitude Andean lake at about the same latitude as Site 1228D, imply a peak in aridity at

about 10 ka, followed by gradually increasing moisture to the present (Seltzer et al.,
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2000). The pattern of variability in the Lake Junin record is different from the Laké
Titicaca and Lago Taypi Chaka Kkota records in that the peak aridity is earlier and the
climate appears to have gotten wetter while the others remained dry.

The discrepancies in aridity between the Altiplano and western Andes suggest
that climate in western South America throughout the Holocene may have been goVerned
by a wide range of factors, including, but not limited to, ITCZ migration, ENSO
(Holmgren et al., 2001), and interactions between topography and atmospheric
circulation. For example, a shift in seasonality could have strongly influenced this area,
as moisture supply to the Altiplano is seasonally dependent and strong precipitation
gradients are developed across the Andes (e.g. Vuille et al., 2000). ENSO in particular
may have had an exceptional impact on Holocene climate change in the ETP and adjacent
landmasses. The historical records of El Nifio assembled by Quinn et al. (1987) contain
evidence for ENSO related droughts in southeast Peru at Cuzco at the same time as heavy
rainfall in the coastal city of Lima, consistent with the spatial disparities outlined above.

Holocene ENSO Variability Marine and terrestrial studies spanning a range of
locations provide evidence for increasing El Nifio intensity and/or frequency in South
America during the later Holocene. The ETP sea surface temperature record of Koutavas
et al. (2002) exhibits an abrupt increase just after 5 ka, possibly signifying a return to El
Nifio-like conditions after a prolonged (~5 ka) cool period. Similarly, the Ecuadorian
lake sedimentation records of Rodbell et al. (1999) and Moy et al. (2002) both suggest an
abrupt increase in El Nifio behavior at about 5 ka, as does the archaeological faunal
assemblage evidence of Sandweiss et al. (1996). Sedimentary Ti and Fe records from the
Cariaco Basin, which is impacted by ITCZ precipitation during boreal summer, imply a
reduction in fluvial inputs throughout the later part of the Holocene, beginning at about
6.7 ka (Haug et al., 2001). This observation is consistent with a southward migration of
the ITCZ, which is in turn consistent with increased El Nifio behavior.

Several modeling studies have implicated orbitally induced insolation changes in
the tropical Pacific as the mechanism driving Holocene ENSO variability (Clement e? al.,

2000; Liu et al., 2000). Through interactions with the seasonal cycle, uniformly

222




increased tropical insolation could potentially alter atmospheric and oceanic circulation
across the tropical Pacific through favorable warming of waters in the west compared to
those in the east, which may remain relatively cool due to perennial upwelling and
atmospheric subsidence. The resulting increased zonal temperature gradient would
enhance Walker circulation, trade wind strength, and ETP upwelling through a positive
feedback loop, ultimately suppressing El Nifio (Clement et al., 1999). Evidence for this
phenomenon is provided by the records of Koutavas et al. (2002), which suggest reduced
El Nifio behavior during the mid-Holocene concurrent with a strong east-west SST
gradient. Such a situation may have arisen in the early and mid-Holocene as a result of
increased insolation during boreal summer (Clement ez al., 2000), possibly through
associated enhancement of the Asian monsoon system (Liu et al., 2000). Conversely,
enhanced insolation during boreal winter, as occurs in the late Holocene, is expected to
increase the likelihood and/or strength of El Nifio events, as this is the season of reduced
upwelling and warming in the ETP.

Existing records of ENSO behavior provide valuable clues about Holocene
variability, but cover a restricted spatial extent compared to its broad fingerprint.
Furthermore, they generally only reconstruct El Nifio conditions, while La Nifia
variability is poorly understood. The biomarker records generated from Peru Margin
sediments and described in Chapter 4 are well situated to study El Nifio variability
through its effects on primary productivity. Although the pattern of ENSO variability
throughout the Holocene and its effect on the Peru Margin upwelling system are not fully
understood, these biomarker records can provide a constraint on the dynamics of these

complex systems and the extent of their impacts.

Analytical Procedure
The analytical methods used to generate biomarker concentration records via
GC/TOF-MS are described in Chapter 4. To aid paleoclimate interpretation of biomarker
records, 8"°C of bulk sedimentary organic carbon and rn-alkanoic acids (fatty acids; C,43,)

were determined for 20 samples from 1228D. These samples span the length of the
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biomarker concentration records and are relatively evenly spaced. Fatty acids were
isolated from an aliquot of total lipid extract via silica gel and amino propyl column
chromatography. In each case, the fatty acids were eluted with dichloromethane + 2%
formic acid. The fatty acids were then converted to fatty acid methyl esters (FAMES) via
methylation using methanol + HCI with a known isotopic composition. Compound-
specific 8"°C measurements were performed using isotope ratio monitoring GC-MS and

P> stable isotope mass spectrometer with an attached

were conducted on a Finnigan Delta
HP 6890 GC and Finnigan GC combustion III interface. Analyses were performed in
triplicate and 8"C values were determined relative to CO, reference gas of known
isotopic composition, introduced in pulses during each run. FAME 8"C results were
corrected for the carbon added during methylation. Isotopic investigation results are

presented in Appendix C.

Results and Discussion

Age Control

Age control for 1228D is provided by five alkenone and two bulk organic carbon
AMS radiocarbon dates, which are depicted on the biomarker concentration record
figures. Few foraminifera are preserved in 1228D sediments, restricting radiocarbon
investigations to organic matter. Higginson and Altabet (2004) applied a reservoir age
correction of 420 years to create the age scale, and then adjusted the age model] based on
correlation of 8"°N records between 1228D and several other shallow cores on the Peru
Margin. Uncertainties in alkenone-based age scales can arise from the association of
molecular organic matter with fine-grained sedimentary material, as demonstrated by
discrepancies between alkenone and foraminiferal radiocarbon records from the same
sample site (Mollenhauer et al., 2003). Age scale uncertainties arising from
redistribution of fine-grained material may be problematic on the Peru Margin due to the
presence of the intermittently strong PCC. However, a bulk organic carbon "*C age of
630 yr + 30 determined from core-top sediments collected near 1228D (pers. comm., T.

Eglinton) demonstrates that the sediment surface at this location on the Peru Margin is
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comprised of recently deposited organic material. Additionally, the 1228D age model
benefits from comparison of nitrogen isotope records with other cores that have

foraminiferal radiocarbon age scales (Higginson and Altabet, 2004).

Multivariate Analysis of Biomarker Records

Multivariate analyses were conducted on the organic carbon-normalized
biomarker records in order to examine statistical relationships between individual
compounds and determine the primary modes of variability in 1228D sediments.
Initially, a principal components analysis (PCA) was performed using all of the
biomarker concentration records. Using the raw concentration data, the first three
eigenvalues accounted for 65.4, 16.1, and 5.5% of the total variance (subsequent
eigenvalues accounted for <4%). Using the covariance matrix of the data set instead,
which is a rational choice considering the wide range of sources of organic matter to the
Peru Margin, the first eigenvalue accounted for much more of the total variance (89.5%;
the second and third accounted for 8.8 and 1.0%, respectively). Most of the biomarkers
did not have high loadings on either of the first two principal components. The sterols,
stanols, phytol, and C;, alkan diol were loaded on the first principal component to a
greater extent, and thus accounted for a very large part of the variability in the entire data
set. Ultimately, PCA was only able to resolve these compounds and their overwhelming
marine signal, and thus provided limited useful information to aid in interpretation.

Factor analysis, which does not inherently account for all of the variability in the
data set, proved to be a better method for examining the relationships between classes of
compounds. Factor analysis allowed closer examination of the patterns of variability that
were different from those observed in the sterol records. Each analysis was performed
using the covariance matrix calculated from the C,,-normalized concentration data set,
and three factors were used. Three factors were chosen because the PCA results
demonstrated that the first three ei genvalues.accounted for nearly all of the total

variability. Computations were performed using MATLAB software and all results were
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rotated using the Varimax algorithm. The results of the factor analysis of the entire
biomarker data set are presented in Figure 5-2 as plots of factor 1 versus factors 2 and 3.

Using the C,,-normalized data, factor 2 provided separation of typically marine
and terrestrial organic matter, with marine biomarkers (e.g. sterols, acyclic isoprenoids,
and short-chain fatty acids and n-alkanols) plotting at high values. Factor 1 appeared to
separate marine compounds derived from algal (higher loadings) sources from those that
may be derived from bacterial or a combination of algal and bacterial sources (lower
loadings). n-Alkanoic acids and n-alkanols were also separated by factor 1. The
biomarker groupings are the same as those observed in the factor analysis performed in
Chapter 4 on sediment-normalized data, although the first and second factors have been
transposed. Normalizing the data to organic carbon has reduced the dominance of the
marine signal and transferred it from the first to the second factor. The long-chain fatty
acids (=C,s) have uniquely low loadings on factor 2, supporting the inference that they
are derived primarily from terrestrial vascular plant sources. Chain lengths
systematically increase as loadings decrease, suggesting that the higher chain lengths are
more purely terrestrial. The third factor separates the fatty acids from other compounds,
with the possible exception of the C;, and Cs, n-alkanols, which are also probably derived
from terrestrial sources.

The predicted factor scores are presented in Figure 5-3 in the depth domain.
These factor scores were necessarily computed using the raw concentration data rather
than the covariance matrix. The first factor exhibits some of the variability common to
the sterol records, such as the minima at 9 ka and later in the Holocene, but is also
strongly influenced by other compounds, particularly the n-alkanols. Phytol, the C;,
hopanol, and the C,4 n-alkanol are moderately loaded on factor 1, but other compounds
with the OH functional group are very strongly loaded. Factor 1 likely describes
preservation effects specific to this class of compounds. Factor 2 appears to represent
dominantly marine inputs and the pattern of variability in the down-core factor scores
strongly resembles that of individual marine biomarker records. The sharp concentration

increase observed in sterol records at about 6.5 ka is represented in factor 2, as are the
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Figure 5-2a
Biomarker Data Set Factor Analysis — Factors 1 and 2
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Factor analysis results for the entire biomarker data set normalized to organic carbon.
Factor 1 versus factor 2 is depicted in (a) and factor 1 versus factor 3 is depicted in (b).
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Factor 3

Figure 5-2b
Biomarker Data Set Factor Analysis — Factors 1 and 3

1.2 T T T T T
il ]
26FA
- AEEA
C30FA
0.8F ]
£33FA
] C320H
0.6} ]
C300H
04l C18FA .
C3KETOOL  £32HOP cpson
02r CHOLESTEROL £ "
CI6FA £30HBPYTOE o Bl ANCL
£160H VOSTE
ok CHOLEST2ENE 1
PRISIANFNE
0.2 ' : ' ' I
0.4 -0.2 0.2 0.4 0.6 0.8 1
Factor 1

228




Figure 5-3a
Factor 1 — All Biomarkers Normalized to Organic Carbon
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Predicted factor scores for the individual samples in the biomarker data set normalized to
organic carbon. Factor 1 is presented in (a), factor 2 in (b), and factor 3 in (c).
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Predicted Factor Score

Figure 5-3b
Factor 2 — All Biomarkers Normalized to Organic Carbon
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Figure 5-3c
Factor 3 — All Biomarkers Normalized to Organic Carbon
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abrupt decreases at about 12.9 and 1 ka, and the negative excursion at 2 ka. Factor 3,
which closely resembles the concentration records of the long-chain fatty acids (=C,),
represents terrestrial vascular plant inputs.

Factor analysis was also performed on a data set that was comprised of a subset of
biomarkers representing various source organism classes, as well as the concentration
record of C;; methylketone, which is a marker compound for coccolith productivity, and
several trace metal records (C;, and metals data courtesy of T. Herbert and J. Tierney).
The particular set of biomarker records used was selected to include roughly equal
numbers of compounds from each grouping in the factor analysis performed on all the
biomarkers together. By this approach, I hoped to reduce the extent to which variability
in the records of individual compounds is overshadowed by the marine algal signal. All
the biomarker data were normalized to organic carbon, and the metals data were linearly
interpolated to match my sample depths and were normalized to Al. The C,,
methylketone record, which was developed by T. Herbert, was similarly interpolated and
divided by the weight %C,,, values reported in Chapter 4 to normalize the data. A factor
analysis was performed using the covariance matrix calculated from this data subset so
that the disparate group of proxies could be analyzed together. The results are presented
in Figure 5-4. All marine biomarkers are highly loaded on factor 1, but not on factor 2,
and the converse is true for the terrestrial compounds. Ti, which is indicative of purely
terrestrial inputs, plots very low on both factors, apart from all other compounds. Of all
the biomarkers, the C;, and C,, fatty acids plot closest to Ti on factor 1, supporting the
inference that they are derived from terrestrial sources. The terrestrial fatty acids may be
loaded slightly higher on factor 1 than Ti because they have been subjected to some
measure of degradation during transport and deposition, whereas Ti has not.

Marine derived compounds, which represent a variety of algal and bacterial
sources, plot as a cluster along with the metals Fe, Si, V, Zn, and Mo (Figure 5-4).
Among other metals, Fe and V have been observed as porphyrin substitution components
in the geologic record (Barwise and Roberts, 1984; Bonnett et al., 1984). Thus, it is not

surprising that these metals plot near phytol, which is another chlorophyll degradation
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Figure 5-4
Selected Biomarkers and Metals Factor Analysis — Factors 1 and 2
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Factor analysis results for the data set containing selected biomarkers (normalized to
C.), metals (normalized to Al), and the C;, methylketone. Factor 1 is plotted versus
factor 2.
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product. Si is a nutrient and is associated with diatom productivity, and thus plots near
the sterols. With the exception of the terrestrially derived Ti, all of the metals appear to
be strongly associated with large-scale marine productivity/preservation processes on the
Peru Margin. The C;; methylketone, which is a marker for coccolith productivity, also
plots in the same group as the other marine compounds, suggesting that its abundance is
governed by roughly the same processes as other primary producers.

The predicted biomarker scores from the biomarker and metal subset were
calculated using the non-standardized data instead of the covariance matrix and are
presented in Figure 5-5. The factor 1 record contains many of the features common to
the marine biomarker records, such as the minimum at 9 ka and greater abundances and
higher amplitude variability afterwards. The large peaks observed in the latter part of the
Holocene in the factor 1 record are prominent features in the phytol and many of the
metals records, suggesting that they represent variability in total chlorophyll production
and/or preservation. As evidenced in Figure 5-4, the first factor appears to separate
marine and terrestrial variability. The factor 2 record strongly resembles the pattern of
variability observed in the long-chain fatty acid records, and thus represents the terrestrial
mode of variability, which became more evident because some of the marine biomarkers
were removed for this factor analysis. Factor 3 is highly variable and is difficult to
interpret.

The results discussed above demonstrate how factor analysis can be an effective
tool for describing relationships between proxy records in a large data set such as the one
presented here. The factor analysis performed on the entire biomarker data set separated
the data based on source organism classes, providing a framework for confident
interpretation of paleoenvironmental changes. The biomarkers discussed later in this
chapter were selected based on their groupings and factor loadings. For example, the
factor analysis supported the hypotheses that the C,, and C,, fatty acids provide the most
reliable terrestrial signal, and cholesterol can be used as an integrator of variability for a
wide range of surface biota. The metals and C;;, methylketone data added to the analysis

are coherent with the model that variability in 1228D sediments is primarily controlled by
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Figure 5-5a
Factor 1 — Selected Biomarkers Normalized to
Organic Carbon and Metals Normalized to Al
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Predicted factor scores for the data set including selected biomarkers (normalized to C,,,),
metals (normalized to Al), and the C;; methylketone. Factor 1 is presented in (a), factor 2
in (b), and factor 3 in (c).
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Factor 2 — Selected Biomarkers Normalized to

2000

4000

6000

8000
Calendar Age (yr BP)

236

10000

12000

14000

16000



Predicted Factor Score

-2

-3

Figure 5-5¢
Factor 3 — Selected Biomarkers Normalized to
Organic Carbon and Metals Normalized to Al

2000

4000

6000

8000
Calendar Age (yr BP)

237

10000

12000

14000

16000



large-scale processes that influence productivity and/or preservation. Upwelling strongly
influences both of these variables simultaneously and thus emerges as the likely

environmental control.

Data Presentation

All of the biomarker abundance records presented in this chapter have been
normalized to the amount of organic carbon extracted from individual sediment samples
in order to highlight unique patterns of variability in biomarkers derived from different
source organisms, and to minimize the overprint of bulk organic carbon delivery and
preservation. For presentation purposes, all of the records have been smoothed with a
three-point running average. However, the multivariate analyses described above were

performed using the original (not smoothed) data.

Terrestrial Biomarkers

Fatty acids of chain lengths greater than C,, were interpreted as terrestrial
vascular plant leaf waxes (Eglinton and Hamilton, 1967). The smoothed records of the
C,630 €ven-chain-length fatty acid concentrations are shown in Figure 5-6. Abundances
of these biomarkers were highly variable throughout the record and provide evidence of
millennial-scale variations in the input of terrestrial material to the Peru Margin over the
last 15ka. The millennial-scale variability is superimposed on longer-term trends defined
by generally elevated terrestrial inputs from about 11.6 to 6.6 ka and again from 1.6 to
0.5 ka, compared to the periods spanning 14.0 to 12.0 ka and 6.3 to 1.7 ka, when inputs
were lower. A large input peak occurred at 8.3 ka, which, given errors in age estimates,
could overlap with the 8.2 ka event described by Alley et al. (1997) in Greenland ice core
records. The Costa Rican stalagmite record of Lachniet et al. (2004) provides evidence
for a tropical expression of the 8.2 ka event, marked by a brief period of increased aridity.
The timing of this long-chain fatty acid concentration peak may be fortuitous, though,
considering that typically more pronounced climate events such as the Younger Dryas are

not evident in my record.
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Figure 5-6
Peru Margin C,, C,, and C,;, Fatty Acid Concentrations
Normalized to Organic Carbon
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Peru Margin C,¢, C,g, and C;, fatty acid (analyzed as methyl esters) concentration records
normalized to organic carbon and smoothed with a 3-point running average. Black
triangles represent radiocarbon dates.

239




The fatty acid carbon isotope record also exhibits a large signal at 8.3 ka and
matches some of the long-term variability in the C;; abundance record. Figure 5-7
depicts the 8"C records of several chain lengths and Figure 5-8 shows bulk sediment $"°C
values. Careful selection of fatty acid chain Iengths for interpretation of terrestrial inputs
is particularly important on the Peru Margin, where algal and bacterial sources may
confound isolation of the terrestrial signal. The C;, chain length was selected for
paleoclimate interpretation of the plant wax carbon isotopic signal. Its 8"°C values are
adequately separated from those of the C,q fatty acid and bulk sediments, which are most
likely representative of predominantly marine organic inputs. C;, 8°C would also have
been an appropriate choice for the same reason, but the chromatographic peaks for this
chain length were smaller than for C,,, and therefore isotopic determinations were prone
to greater error. Although the C,, and C,g fatty acids exhibited a similar pattern of
concentration variability to C,,, their 8°C values approached those of C ¢, suggesting that
they may be in part derived from marine sources, and thus precluding their use as
terrestrial vascular plant proxies. The C,, fatty acid 8"C record is presented in Figure 5-9
along with its smoothed concentration record. 8"“C varies roughly in parallel with
concentration between about 9 and 4 ka. A large peak in 8"°C occurs at 8.3 ka and
another smaller peak is present at 6.7 ka, both coincident with concentration peaks.

Differences in photosynthetic mechanisms between C; and C, plants give rise to
differing isotopic compositions, with C, plants exhibiting enriched "C values relative to
G, plants (e.g. Collister et al., 1994). A potentially troubling aspect of the 1228D leaf
wax 8"C record lies in the depleted baseline values, which are typical of C; vegetation.
Using the average 8"C values of leaf wax n-alkanes determined by Collister et al. (1994)
(C; = -35%0; C, = -21%o0) as end-members, the most depleted values (~-33%o) observed in
the 1228D C,, fatty acid record around 10-12 ka represent C; plant contributions of about
86%. In general, the arid environment on the Peru Margin would not be hospitable to
large populations of these types of plants. However, very localized clusters of C; plants

could be associated with the rivers draining the western flank of the Andes. A detailed
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Figure 5-7
Peru Margin Fatty Acid 8"C
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Figure 5-8
Peru Margin Bulk Sediment §"°C
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Figure 5-9
Peru Margin C,, Fatty Acid Concentration and 8*C
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understanding of the organic matter transported by these rivers would aid interpretation
of Peru Margin leaf wax 8“C records.

Possible explanations for the variability observed in the C,, fatty acid records
include influences from marine sediment redistribution, such as long-shore transport, and
variability in aeolian transport of terrestrial organic and mineral material throughout the
past 15 ka. The former option is unlikely because the marine biomarker records, when
normalized to organic carbon, exhibit different variability than the terrestrial records.
Also, in order to produce the wide range of 8"“C values observed in the record by
sediment redistribution alone, great transport distances would likely have been required.
Although present day aeolian deposition of organic matter on the Peru Margin is thought
to be minimal (Schneider and Gagosian, 1985) and atmospheric circulation is relatively
stable, conditions in the past may have been more variable. Contributions of leaf wax
compounds via aeolian versus fluvial processes are difficult to assess with the suite of
biomarkers used in this study, but future examination of the lignin content of the
sediments may serve to constrain these variables. Pending a greater understanding of leaf
wax transport to the Peru Margin, the interpretations provided below are somewhat
speculative in that they hinge on the assumption that fluvial deposition has been
continually dominant over aeolian transport.

The 8"C peak at 8.3 ka likely represents an abrupt and intense input of C, plant
material, of the type consistent with high-elevation grasses. Assuming that terrestrial
organic matter is delivered to Peru Margin sediments largely through fluvial processes,
the 8.3 ka concentration spike observed in the C;, fatty acid record potentially represents
the largest Holocene fluvial event. A Ti/Al record from these same sediments (Tierney et
al., 2004) (Figure 5-10) also peaks at 8.3 ka, confirming enhanced delivery of terrestrial
mineral matter at this time. Such occurrences could be caused by enhanced precipitation
or melt water runoff from the western Andes, and could be consistent with wetter and/or
warmer conditions. A simple hypothesis to explain the C,, fatty acid concentration and
8"C peaks at 8.3 ka is that enhanced fluvial transport bore an abundance of leaf waxes

from high-altitude, C, plant-rich environments to the Peru Margin, as opposed to lower
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Figure 5-10
Peru Margin C,, Fatty Acid Concentration and Ti/Al
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altitude C; plants that may be localized in river valleys and more typically delivered to
the core site. An alternative explanation for the 8°C peak involves expansion of C, plant
populations that contribute organic matter to the marine environment. Vegetation on the
hyper-arid Peruvian coast and western Andean flank is sparse and environmentally
stressed, and is thus probably more sensitive to climate changes. For example, a minor
increase in precipitation would be expected to have more of an effect on vegetation at this
location than it would in the Amazonian forest. Thus, an increase in precipitation at 8.3
ka could have resulted in rapid expansion of plant populations and simultaneously

increased delivery of terrestrial organic matter to Peru Margin sediments.

Marine Biomarkers

Figure 5-11 presents several Peru Margin marine algal-derived sterol
concentration records that have been normalized to sedimentary organic carbon and
smoothed. Cholesterol is interpreted as an integrator of total primary productivity and
zooplankton activity in surface waters (Schouten et al., 1998). Brassicasterol most likely
represents diatom inputs in Peru Margin sediments, and dinosterol is indicative of
dinoflagellate inputs (see Table 4-1 for marine biomarker sources). Increased
concentrations of these compounds are consistent with enhanced production in the water
column and enhanced preservation, both of which would be symptomatic of increased
upwelling on the Peru Margin. The mean upwelling signal is perhaps best interpreted
from the cholesterol record, given that it represents a wide range of marine biota.

The cholesterol record suggests enhanced upwelling before about 13 ka and again
from about 6.5 ka to the present. There are sharp transitional boundaries at 12.9 and 6.5
ka, between which times upwelling appears to be uniformly reduced. There are several
sharp decreases in concentration during the mid to late Holocene centered at about 5.1,
3.9, 1.8, and 0.6 ka. Of these events, the one centered at about 3.9 ka is the most
prolonged and the one at 0.6 ka exhibits the greatest amplitude of change. These two
events are prominent in the other sterol records, as well. The brassicasterol record is

roughly similar to cholesterol prior to about 9 ka, with greater differences evident
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Figure 5-11
Peru Margin Cholesterol, Brassicasterol, and Dinosterol
Concentrations Normalized to Organic Carbon
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afterwards. Brassicasterol concentrations increase gradually between 9 and 0.6 ka with
moderate variability, suggesting a steady increase in upwelling and diatom productivity.
The increase at 6.5 ka is not as sharp as in the cholesterol record, and the minima during
the Holocene are similarly not as prominent. Differences between these sterol records
probably arise from changes in phytoplankton communities and the activities of
zooplankton over time. Even at present, phytoplankton species composition and centers
of maximum productivity are variable on short time scales. Due to the wide range of
sources it encompasses, I argue that the cholesterol record should serve as the best
indicator of total surface biota activities, and thus should serve as the best upwelling
indicator.

The dinosterol abundance record exhibits pronounced millennial-scale variability
superimposed on a broader trend that is comparable to that of the other sterol records.
Pronounced maxima occur at 6.5 and 1.4 ka, suggesting enhanced upwelling at these
times, marked by particularly favorable conditions for dinoflagellate productivity.
Variability in the early part of the record is lower amplitude than that observed for the
other sterols. The unique high-amplitude features of the dinosterol record likely arise
from differences between dinoflagellates and diatoms in terms of optimal growth
conditions (e.g. nutrient requirements). As discussed earlier, the enhanced presence of
dinoflagellates and the occurrence of red tides are consistent with the austral summer
season and El Nifio conditions. As such, the dinosterol concentration increase at 6.5 ka
may represent the onset of persistent El Nifio events or enhanced summer seasonality.
Abbott et al. (2000) present the summer insolation curve for 20°S, which increases from
about 8 ka to the present, possibly signifying increasingly favorable conditions for
dinoflagellates on the Peru Margin. Mid to late Holocene increases in the concentrations
of the other marine biomarkers examined in Chapter 4 may have similarly arisen from
increasing summer insolation at this time.

Altogether, the marine biomarker abundance records from 1228D suggest
frequent changes in intensity and duration of upwelling events (in this case, the term

“upwelling event” does not represent a single short-lived occurrence, but rather
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discernable millennial-scale mean states) on the Peru Margin during the last 15 ka.
Upwelling was generally greatest between about 14.5 and 13.2 ka, and again during the
Holocene from 6.5 to 1.0 ka, in contrast to the period spanning 12.8 to 6.6 ka during
which time upwelling appears to have been uniformly reduced. Transitions between
these different upwelling states are abrupt (centennial-scale). Higher-frequency
variability is superimposed on the long-term trend, with evidence of inhibited upwelling
strength at about 5.1, 3.9, 1.8, and 0.6 ka. Interestingly, the similarities between the
dinosterol and cholesterol abundance records suggest parallel variability between El Nifio
and upwelling. This correlation at first appears problematic because El Nifio may have
the effect of reducing upwelling and associated primary productivity, although these
relationships are not fully understood. However, individual interpretations of these sterol
records can be rectified if upwelling was also influenced by occurrences of La Niiia,
during which enhanced trade winds may have intensified upwelling. 1 suggest a model
whereby enhanced El Nifio conditions result in increased dinosterol inputs, while
similarly stronger and/or more frequent La Nifia events promote upwelling and thus
elevated cholesterol inputs. In this manner, the 1228D dinosterol and cholesterol
abundance profiles may have resulted from simultaneously enhanced El Nifio and La

Nifia conditions, respectively, after 6.5 ka.

Comparison to Other Tropical Records

Based on the Peru Margin dinosterol and cholesterol records developed in this
study, I hypothesize that stronger and/or more frequent El Nifio and La Nifia events
occurred after 6.5 ka. These records also suggest a reduction in both El Nifio and La
Nifia activity during the mid-Holocene, which has previously been identified as generally
La Niiia-like (Koutavas et al., 2002). My findings are consistent with the studies of
Holocene ENSO variability discussed in the introduction, which infer enhanced El Nifio
occurrence in the late Holocene. However, in that it involves a parallel strengthening of
La Nifia, my proposed scenario adds a new facet to constructs that portray tropical Pacific

climate as having varied between El Nifio and La Nifia end-member states. My findings
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support the model results of Clement et al. (1999), which exhibit paired variability
between NINO3 warm and cold events over the last ~70 ka, with increased occurrences
of both in the late Holocene. The authors attribute the parallel variability to a reduced
effect of the seasonal cycle on solar forcing and non-linearities in the climate system.

The 1228D dinosterol abundance record strongly resembles the Lake Pallcacocha
sedimentation record of Moy et al. (2002), which was interpreted as a record of El Nifio
occurrence. Lake Pallcacocha (2°46°S, 79° 14’W; 4,200 m) is a high-altitude lake in the
Ecuadorian Andes and is located well North of Site 1228D on the Peru Margin, although
both areas could be influenced by El Nifio-related precipitation. The results of Moy et al.
(2002), which are calculated as the number of El Nifio events in a century, are compared
to the 1228D dinosterol abundance record in Figure 5-12. Both records are remarkably
similar in that they show a large initial increase at about 6.5 ka, a broad minimum
centered at 4 ka, and similar high-amplitude variability from about 2 ka to the present.
The dinosterol record constrains the timing of El Nifio onset in the mid-Holocene on the
Peru Margin and the pattern of subsequent variability, and confirms the El Nifio link
inferred by Moy et al. (2002).

Peru Margin sterol abundance records are similar to the lake water 8'°0 estimates
of Abbott et al. (2000) from the eastern Andes, which imply a dramatic increase in aridity
at about 6.2 ka followed by generally increasing moisture towards the present. Abrupt
880 depletions, which are consistent with wetter conditions, occurred at about 5 ka or
just prior, 4 ka, 2 ka, and between 1 and 0.5 ka. Based on the 1228D age scale, the
timing of these events is nearly identical to the mid to late Holocene negative excursions
in the sterol records, which are interpreted as evidence for reduced upwelling (Figure 5-
11). Because the moisture source to the eastern Andes is the Atlantic Ocean, the similar
timing between reductions in Peru Margin upwelling and the wet events on the Altiplano
signifies a broad climate process that spans the ETP and Atlantic Oceans.

Additional evidence for large-scale tropical climate events during the Holocene
arises through comparison of the Peru Margin sterol records with the eastern tropical

Atlantic (ODP Site 658C; 20°45°N, 18°35’W, 2263 m) faunal sea surface temperature
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Figure 5-12
Peru Margin Dinosterol Concentration and Inferred ENSO Variability
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estimates of deMenocal et al. (2000). Interestingly, the Site 658 core exhibits a
sedimentation hiatus from 17.4 to 14.3 ka, the upper age of which is similar to the end of
the 1228D hiatus, which occurred at about 14.7 ka. It is unlikely that both hiatuses result
from sea level changes, as 658C is situated at 2263 m depth. Cholesterol abundance
(C,p-normalized and smoothed) is plotted with the warm temperature anomaly record of
deMenocal et al. (2000) in Figure 5-13. The sense of the two plots is reversed, with
increasing y-axis values consistent with greater upwelling on the Peru Margin and
reduced upwelling off of West Africa. The two records are similar prior to the
cholesterol concentration increase at 6.5 ka, and again from about 2 ka to the present.
From 6.5 to 2 ka, the scale of variability in both records is similar, but the timing is
somewhat different. Starting with the 6.5 ka rapid cholesterol concentration increase,
abrupt events may occur about 1 ka earlier on the Peru Margin, although age scale
uncertainties preclude detailed interpretation of the relative timing of these events.
deMenocal et al. (2000) attributed the abrupt sea surface cooling events during the mid to
late Holocene to southward advection of cool northern Atlantic waters, suggesting a link
between the tropics and North Atlantic on millennial time scales. Alternatively, the
cooling events could signify periods of increased upwelling.

The Peru Margin and eastern tropical Atlantic upwelling systems are both
influenced by equatorial circulation regimes, particularly the trade winds, which drive
upwelling at both locations. As is the case on the Peru Margin, upwelling at the location
of Site 658 is perennially strong. Immediately to the south, upwelling become seasonal
and is strongest during boreal winter, although it is stronger during summer north of 25°N
(e.g. Fiitterer, 1983). I hypothesize that variability in the equatorial wind system
produces the observed changes in upwelling strength at both locations. Inherent to my
interpretations is the assumption that over the last 15 ka the upwelling at Site 658 was
generally strongest during boreal winter, as it presently is to the south. At present, El
Nifio events are associated with a westerly zonal surface wind anomaly during boreal
winter from about 15°N to 30°N over much of the Atlantic (NOAA-CIRES, 2004),

consistent with a weakening of the winds that cause upwelling. La Nifia wind anomalies
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Figure 5-13

Peru Margin Cholesterol Concentration and Eastern Tropical Atlantic
Temperature Anomaly

450

400

350

300

Cholesterol (ug/g Organic Carbon)

N
o
o

150 1

250 | IV

100 A
0

-2
‘A Ed
s
£
2
3 <
£
i
-
-
-6
-7
Ak A ' - : : - -8
2000 4000 6000 8000 10000 12000 14000 16000

Calendar Age (yr BP)

|==e===Cholestero! =smgmumTwarm Anomaly |

Peru Margin cholesterol concentration record (normalized to organic carbon and
smoothed) plotted with the eastern tropical Atlantic T,
et al. (2000). Black triangles represent radiocarbon dates.

253

anomaly record of deMenocal



in the same area and season are small. By this mechanism, the enhanced El Nifio and La
Nifia conditions in the late Holocene inferred from the Peru Margin biomarker records
could have resulted in, or been associated with, weakened winter zonal winds in the
eastern tropical Atlantic, and thus reduced upwelling strength at Site 658. This
hypothesis and the many similarities between the Peru Margin and Site 658 records imply
that ENSO variability had far-reaching effects around the tropics and may have been the
dominant mode of tropical climate variability during the Holocene.

Similar pacing of climate events between the Peru Margin, the eastern Andes, and
the eastern tropical Atlantic could also be explained through other atmospheric
connections than straightforward ITCZ migration. Zhou and Lau (1998) provide
evidence for a South American monsoon, which could result in increased precipitation on
the Altiplano and strengthened North Atlantic equatorial trade winds. The authors
suggest that monsoon related upper-tropospheric flow would be established from the
Altiplano towards northwest Africa, crossing the equator. The actions of the South
American monsoon identified by Zhou and Lau (1998) may explain the climate links
between the eastern tropical Atlantic and Altiplano, although effects on Peru Margin
upwelling have not been established. Regardless, the similarities between Peru Margin
marine biomarker records and other studies strongly suggest a role for the ETP in tropical
Holocene climate variability.

Assuming predominantly fluvial delivery of terrestrial organic matter, the pattern
of variability in the 1228D leaf wax fatty acid abundance records suggests relatively arid
conditions from about 6.3 to 1.7 ka. Periods of enhanced fluvial inputs occurred between
11.6 and 6.6 ka, and again from about 1.6 to 0.5 ka. These results are also consistent with
the aridity proxy records of Abbott et al. (2000) from Lago Taypi Chaka Kkota in the
eastern Andes. Interestingly, the leaf wax aridity signal is thus out of phase with the
western Andean paleoclimate records described in the introduction, which generally
suggest wet conditions at about the same time as reduced C,, fatty acid inputs. These
observations underscore the complexity of Holocene climate variability in this area of

South America and support the hypothesis that steep aridity gradients were present in the
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Andes, likely as a result of interactions between the ITCZ, ENSO, and large-scale (i.e.
circum-tropical or global) climate processes. An incomplete understanding of terrestrial
organic matter sources, as discussed above, precludes further interpretation of the leaf

wax records.

Conclusions

Peru Margin biomarker records have provided valuable clues about tropical
climate variability throughout the Holocene. The high-resolution records generated via
GC/TOF-MS afforded an opportunity to study changes in organic inputs from a variety of
sources on an appropriate time scale for interpreting abrupt climate events. The wide
range of biomarker records used in this study provided the ability to monitor paleoclimate
conditions on the Peru Margin from a variety of perspectives. Variability in marine and
terrestrial biomarker proxy records permitted inferences about changes in upwelling
strength, ENSO conditions, and aridity throughout the last 15 ka.

Sterol abundance records imply that upwelling strength on the Peru Margin was
variable on orbital and millennial time scales, particularly so after 6.5 ka, at which time
there was a rapid increase in sterol concentrations. Dinosterol, which is a marker for
dinoflagellate inputs and was employed as an El Nifio proxy, demonstrated similar
variability to other sterol records, although it exhibited a hi gher—amplitudé increase at 6.5
ka. The dinosterol record implies the onset of enhanced El Nifio conditions at about 6.5
ka, similar to the Ecuadorian Lake Pallcacocha sedimentation record of Moy et al.
(2002). Parallel variability between the cholesterol upwelling and dinosterol El Nifio
proxy records suggests a simultaneous increase in La Niiia strength/frequency after 6.5
ka. My findings imply that the tropical Pacific during the Holocene did not necessarily
vary between El Nifio- and La Nifia-like end-member states, but rather between stronger
and weaker overall ENSO states.

n-Alkanoic acid abundance and carbon isotope records demonstrate millennial-
scale variability in total inputs of terrestrial organic matter and C; versus C, plant inputs,

possibly associated with changes in delivery, vegetation, aridity, or a combination of all
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three parameters. If interpreted as a measure of fluvial inputs, the leaf wax fatty acid
abundance records suggest a pattern of aridity change that has been inferred from other
Andean climate records. However, disparities between these records and others in the
same geographic area demonstrate that steep zonal and meridional precipitation gradients
may have existed across the Andes during the last 15 ka. |
Strong relationships between climate records from throughout the Andes, a site in
the eastern tropical Atlantic, and the Peru Margin suggest the existence of a far-reaching
tropical climate process that is characterized by strong mid to late Holocene millennial-
scale variability and is reasonably independent of North Atlantic climate. ENSO arises as
the most likely driving mechanism through its effects on tropical atmospheric circulation.
Further studies of Holocene tropical climate variability will help test this hypothesis by
providing constraints on the strength and timing of the ENSO signal at various locations.
Additionally, comparison with extra-tropical studies will shed light on the relationships

between ENSO and global climate.
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Summary

The contributions of this thesis arise in a large part from the application of
recently developed analytical techniques to paleoclimate and organic geochemistry
problems. Specifically, development and application of gas chromatography/time-of-
flight mass spectrometry (GC/TOF-MS), stir bar sorptive extraction (SBSE), and thermal
desorption (TD) techniques to molecular stratigraphic research sets the stage for
generation of high-resolution multi-molecular records from ice and sediment cores. The
methods have been adapted to the specific interests of this thesis, but can be further
applied to research in many different environments to address a wide range of
paleoclimate and organic geochemistry questions.

Several key findings resulted from this thesis work, and addressed questions
about the nature of organic compounds preserved in ice and behavior of El Nifio and La
Nifia since the last glacial period. Investigation of the hydrophobic lipid fraction of
alpine ice samples revealed the presence of compounds related to biomass burning that
appeared to vary with paleo-aridity conditions in the Sajama ice core. These compounds,
which included polycyclic aromatic hydrocarbons (PAHs) and diterpenoids, could thus
be used to generate high-resolution proxy records of forest fire occurrences. Sterol
records from Peru Margin sediments provided information about upwelling and
dinoflagellate productivity over the last 15 ka, which was then used to infer variability in
El Nifio and La Niiia, respectively. The results implied that the strength and/or frequency
of both El Niiio and La Nifia were diminished throughout the early Holocene and
increased abruptly at about 6.5 ka. The following time period was marked by generally
enhanced activity of both phenomena with superimposed millennial-scale variability.
These findings reinforce previous ideas of El Nifio behavior during the Holocene, but

suggest a new mode of La Nifia variability. When compared with other tropical
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paleoclimate studies, the Peru Margin results suggest broad-scale changes in Holocene
tropical climate, likely associated with ENSO and trade wind variability.

Several analytical challenges remain with respect to the techniques used in this
thesis, largely pertaining to the measurement of biomarkers in ice. A priority for further
studies will be reducing the blank level contamination. The results described in Chapter
3 suggest that a large part of the contamination may arise from the laboratory water used
for the blank samples. A detailed investigation of the organic content of the Milli-Q
water, methanol, and HCI used for these analyses is warranted, as is further consideration
of carryover both on the stir bars and within the TD system itself. Improvements to
SBSE efficiency may be achieved through addition of salt to sample solutions and
through use of Teflon vials as extraction vessels in order to reduce adhesion of analytes
to vial walls. These techniques will be explored before further down-core analyses
proceed. Lastly, development of an effective in situ derivatization procedure will
increase the analytical window afforded by SBSE and TD/GC/TOF-MS by allowing
identification and quantification of polar analytes, such as long-chain (=C,,) fatty acids,
and a wider range of biomass burning indicators.

Future research arising from this thesis involves continuing improvement of the
analytical techniques, and their further application to paleoclimate problems.
Identification of biomarkers in ice via SBSE and TD/GC/TOF-MS sets the stage for
development of high-resolution down-core records. Records such as these could provide
information about abrupt changes in atmospheric circulation, forest fire frequency,
vegetation characteristics, and anthropogenic activities. The high-resolution multi-
molecular stratigraphic records generated via GC/TOF-MS can be applied to a variety of
different settings or problems, including marine and lacustrine sediments. Consistent
with the aim of this thesis, these types of organic geochemical records could be used to
further constrain tropical climate variability throughout the Holocene and earlier,
providing a more detailed understanding of climate processes that affect human life and
endeavors and may play a strong role in future climate change stemming from rising

atmospheric CO, levels.
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Table A-2
Cariaco Basin Fatty Acid §"°C (%o)

“Depth Calendar Age
(cm) (yr BP)
426.75

oo

Note:
All compounds were analyzed as FAMESs, but reported isotope values have been corrected for the added methyl group.
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Peak Area

Figure B-1
Twister Recovery of Free Fatty Acids for Varying % MeOH
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Figure B-2
Ice Core External Standard Chromatogram
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Figure B-3
Sajama Ice Core n-Alkane EIC
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Figure B-4a
Free Fatty Acid Standard
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Figure B-4b
Fatty Acid Standard Analyzed as Methyl Esters
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Thermally Desorbed Filter, Huascaran Modern Sample
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Thermally Desorbed Filter, Sajama Modern Sample
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Ice Core Biomarker Mass Spectra (as Analyzed)
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Table C-1 (cont)
1228D Biomarker Concentrations (ug/g dws)

Depth Calendar Age

{cm) (yr BP) Cy6 OH C3p OH C3; OH _ Cholesterol Cholestanol Brassicasterol B-sitosterol Dinosterol Dinostanol Cholest-2-ene Cholesta-3,5-diene
27.25 . 31.77

3

81183,
51.9
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Table C-1 (cont)
1228D Biomarker Concentrations (ug/g dws)

Depth Calendar Age .
(cm) {yr BP) Ci; FAME C,s FAME Cyo FAME C,, FAME C,, FAME C,; FAME Cas FAME C;;, FAME C;; FAME C,s OM C,5 OH C,o OH C,, OH C,, OH

6.76 7.40

D353

SXESRT

5.6
2.49
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Table C-1 (cont)
1228D Biomarker Concentrations (ug/g dws)

Depth Calendar Age Sediment
(cm) (yr BP) Cs2 1,15 alkan diol C;; 15 keto-ol _Phytol  Pristane Phytane Ci Hopanol Cj; Hopanol Cj; Hopanol Extracted (g)

56
10
<k
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Table C-1 (cont)
1228D Biomarker Concentrations (ug/g dws)

Depth Calendar Age

(cm)

{yr BP)

C2s OH

Cap OH

C3; OH  Cholesterol

Cholestanol

Brassicasterol p-sitosterol Dinosterol Dinostanol

Cholest-~

2-ene Cholesta-3

a

5

~-diene

209.02

e

R
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Table C-1 (cont)
1228D Biomarker Concentrations (pg/g dws)

Depth Calendar Age

(cm)

(yr BP)

n»O

FAME C,

FAME Cyo FAME Cj; FAME Cp, FAME Cy6 FAME Cys FAME Cs, FAME C;, FAME

Cys OH

C;5 OH

Cy0 OH

nNN

OH

Cay

OH

13346

omz&

325 4. 7.0 3.1

0.4

3
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Table C-1 (cont)
1228D Biomarker Concentrations (ug/g dws)

Depth Calendar Age Sediment
(cm) (yr BP) €32 1,15 alkan diol _Cj; 15 keto-ol _ Phytol  Pristane Phytane C;, Hopanol Cs, Hopanol C., Hopanol Extracted (g)

1.40

R

Hasdon

252.02
bkt
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Table C-2

1228D Weight % Organic Carbon and C/N

(cm)

Depth Calendar Age Weight % Organic
(yr BP)

Carbon C/N
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Table C-2
1228D Weight % Organic Carbon and C/N

Depth Calendar Age Weight % Organic
(cm) (yr BP) Carbon C/N




Table C-2

1228D Weight % Organic Carbon and C/N

(yr BP)

Depth Calendar Age Weight % Organic
(cm)

Carbon C/N




Table C-3
1228D Fatty Acid and Bulk Sediment 8"*C (%o)

Depth Calendar Age
(cm) (yr BP) Cis

Bulk

Sediment

Note:
Compounds were analyzed as FAMEs,

but reported values have been corrected for the added methyl group.
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